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The presence of emerging contaminants (ECs) such as antibiotics in water bodies has raised 
increasing concern since they are continuously introduced in aquatic ecosystem and may cause 
unpredictable environmental hazards and risks, even at trace concentrations. Conventional water 
treatment processes are known to be generally inadequate for the elimination of these persistent 
contaminants. As an alternative to conventional biological water treatment processes, photocatalytic 
degradation of antibiotics has been identified as a promising technique, as it may lead to the 
mineralization of contaminants into carbon dioxide, water and mineral acid. However, high energy 
consumption, fast recombination of photo-generated charges, low stability and difficulty in the separation 
of photocatalysts from treated solution are the main limitations of this process. Herein, to address these 
obstacles, a low energy consuming photoreactor was designed and built. Besides, the efficiency of 
process was improved by fluorination and exfoliation of synthesized hierarchical photocatalysts with 
magnetic properties based on ZnO and graphitic carbon nitride (g-C3N4) as a wide and narrow band gap 
photocatalyst, respectively. The synthesized photocatalysts were characterized by several characterization 
tests. The effect of operating parameters such as catalyst dosage, solution pH and airflow rate on the 
antibiotics removal efficiency and the optimization of process was studied by response surface 
methodology (RSM). Under the optimum conditions, the photocatalytic removal performance was 
examined in terms of sulfamethoxazole (SMX), ampicillin (AMP) and amoxicillin (AMX) removal and 
mineralization as well as detoxification of the solution and by-product formation. Moreover, the reaction 
kinetics, energy consumption, stability and reusability of photocatalysts were evaluated. Based on the LC-
HR-MS/MS method, the formation of several by-products during the degradation of antibiotics was 
evaluated and a degradation pathway for SMX and AMX was proposed. The results showed that in 
iv 
 
comparison with a 500 W visible lamp, using a UV lamp (10 W) was considerably more effective for 
AMX removal, its mineralization and detoxification of the solution. Compared to reported values in the 
literature, the removal efficiency, mineralization, detoxification and energy consumption for the removal 
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1.1. Background  
The presence of “emerging contaminants” (ECs) or “contaminants of emerging concern” 
(CEC) such as pharmaceuticals  in natural waters has raised increasing concern due to their 
frequent appearance as a result of their continuous input in the aquatic media and persistence in 
the aquatic ecosystem (Mirzaei et al. 2016, Yuan et al. 2013). Emerging contaminants such as 
pharmaceuticals appear in the water and wastewater treatment plants mainly through excretion 
and/or improper disposal of outdated or unused medication (Boix et al. 2016). These pollutants 
are labeled as “emerging contaminants” since they have recently been detected due to the rapid 
development of new analytical techniques (Terzić et al. 2008). For instance, the flame retardant 
compounds are very toxic and were dispersed in the environment due to a strong industrial use 
from 1929. However, in Canada, a regulation was first set in 2006 for these compounds (Sauvé 
and Desrosiers 2014).  
The presence of pharmaceuticals in water bodies has raised concerns since they are 
potentially toxic to aquatic organisms even at trace concentrations (ng/L or μg/L) (Yuan et al. 
2013). Besides, some pharmaceuticals exhibit non-target effects as well as mixture toxicity in the 
environment. This means that pharmaceuticals have the potential to show specific effects, which 
are irrelevant to their therapeutic purposes (Catalá et al. 2015, Escher et al. 2006). Specifically, 
the presence of antibiotics in the environment is a matter of concern due to their frequent 
detection, low biodegradability and their potential to induce antimicrobial resistance (AMR) 
even at trace concentrations (Gong and Chu 2018). As a result of AMR, even simple infections 
and minor injuries can kill humans, which is a very real possibility for this century. AMR 
develops when microorganisms such as bacteria, viruses, parasites and fungi no longer respond 
to pharmaceutical, as they either mutate or acquire genetic information from other 
microorganisms to develop resistance. It is predicted that AMR will cause up to 10 million 
deaths per year by 2050, which is more than cancer, and will cause a loss of US$100 trillion 
from global GDP (Sugden et al. 2016) 
Unfortunately, most antibiotics persist in the environment mainly because of their 
recalcitrance and low biodegradability since these pharmaceuticals have been designed to resist 
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biodegradation (Sin et al. 2013). Therefore, wastewaters containing pharmaceuticals should be 
effectively treated prior to their discharge into the surface waters. 
1.2. Problem statement 
Antibiotics are widely used for both human and veterinary medicine to prevent or treat 
diseases. However, antibiotics are poorly metabolized in the body and most of them are excreted 
via urine or feces (Zhang et al. 2018). Due to seasonal variation of the water and waste water 
treatment plants (WWTPs) performance and variability of antibiotic concentrations and different 
characteristics of antibiotics, a diverse range of removal efficiency from ~0% for enrofloxacin 
(Watkinson et al. 2007) to 85% for sulfamethoxazole (Zhou et al. 2013a) is reported in the 
literature by using conventional biological treatment. In most cases, due to the poor removal of 
antibiotics in conventional water treatment systems, these chemical compounds end up in soil, 
surface waters or even in drinking water (Hu et al. 2011, Krzeminski et al. 2019, Matamoros et 
al. 2012, Mompelat et al. 2009, Veloutsou et al. 2014). 
Photocatalytic degradation method may be considered as an alternative to this problem due to 
the relatively low cost and possible operation at ambient temperature and natural pH (Mirzaei et 
al. 2016, Yuan et al. 2013). Various types of photocatalysts such as titanium dioxide (TiO2), zinc 
oxide (ZnO), iron (III) oxide (Fe2O3), vanadium (V) oxide (V2O5), and tungsten trioxide (WO3) 
have been used in water and wastewater treatment operations (Kudo and Miseki 2009). 
However, none of the abovementioned photocatalysts completely satisfies all requirements such 
as the lack of toxicity and safety, long lifetime of photo-generated electron–hole pairs, low cost, 
ability of utilization of solar light energy and high efficiency and stability, which significantly 
hinder their practical applications. The high recombination rate of photo-induced charge 
significantly reduces the removal efficiency of contaminants and may lead to the generation of 
by-products which are sometimes more toxic than the parent compounds (Ballesteros Martín et 
al. 2008, Oller et al. 2011, Prieto-Rodríguez et al. 2013, Veloutsou et al. 2014). In addition, the 
high energy consumption during photocatalytic oxidation is considered as a major obstacle to the 
commercial application of photocatalysis (Chi et al. 2013, Nakada et al. 2007).  
 Among photocatalysts, TiO2 and ZnO are the most frequently used materials for 
photocatalytic processes in water treatment operations (Samadi et al. 2016). However, the higher 
removal efficiency of ZnO compared to TiO2 under certain operating conditions has been 
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reported in several studies (Elmolla and Chaudhuri 2010a, Hariharan 2006, Kansal et al. 2007, Li 
et al. 2010, Liu and Gao 2014, Palominos et al. 2009, Pardeshi and Patil 2008, Pare et al. 2008, 
Patil et al. 2010, Sin et al. 2013, Wu 2004, Zhao et al. 2012). The main limitations of ZnO 
photocatalysts are the low quantum efficiency because of high recombination of the photo-
generated electron-hole pairs (Ba-Abbad et al. 2013) and photocorrosion (Liu et al. 2011). The 
photocorrosion of ZnO in aqueous solution under UV irradiation limits its application as an 
efficient photocatalyst in wastewater treatment operations (Lee et al. 2016). Moreover, 
photocatalyst separation and recovery from solution after treatment is a real hindrance to the 
application of photocatalysis process. In summary, photocatalytic degradation process is facing 
the following challenges: 
1) High energy consumption of process 
2) Low quantum yield of photocatalyst 
3) Low stability of photocatalyst  
4) Separation and recovery of photocatalysts particles from solution after treatment 
1.3. Research objectives  
Based on the above-mentioned problems, the modification of ZnO photocatalyst to enhance 
its efficiencies for the effective removal of antibiotics from water is a promising approach. So 
far, numerous modifying strategies have been proposed for the preparation of highly efficient 
photocatalysts (Li et al. 2016). However, most efforts have focused on narrowing the band gap of 
semiconductors by introducing dopant(s) into the semiconductor structure in order to harvest 
visible light instead of UV light. Utilizing visible light instead of UV light can be considered as a 
sustainable approach and reduces the energy cost (Mirzaei et al. 2016). However, replacing UV 
light with visible light usually needs an exorbitant area footprint. It is reported about 2.6 m2 of 
solar exposure would be needed to achieve the treatment power of one 1000W UV lamp with 
40% efficiency (Cates 2017). Moreover, from thermodynamic viewpoint, narrowing the band 
gap of semiconductors leads to the reduction of oxidation and reduction potential (Li et al. 2016). 
Therefore, incomplete mineralization of antibiotics due to the low redox potential may lead to 
the formation of additional toxic chemicals (Catalá et al. 2015, Escher et al. 2006). Therefore, 
improving the efficiency of photocatalysts under UV light will not only decrease the operating 
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costs, but it may also advance the disinfection process and further reduce the operating cost by 
process intensification.  
Besides the band gap, the overall photocatalytic performance of semiconductors can be 
significantly influenced by their adsorption capacity, surface/interface morphology and 
crystallinity of the materials (Li et al. 2016). Based on the existing limitations of photocatalysis 
process, the following objective is specifically considered as the main objectives of this research: 
 Development of a novel hierarchical zinc oxide photocatalyst with magnetic 
properties for effective removal of antibiotics with low energy consumption. 
In order to achieve this objective, the following tasks are followed: 
 Design and build an annular photoreactor by using a low energy consuming UV lamp. 
 Modify the surface of photocatalysts by surface fluorination for enhancing the adsorption 
capacity and quantum yields. 
 Synthesize hierarchical photocatalysts for enhancing quantum yields and specific surface 
area. 
 Synthesize photocatalysts with magnetic characteristics for improving separation ability 
and recovery of photocatalysts in consecutive runs. 
 Synthesize composite photocatalysts with a protective layer to reduce photocorrosion, 
which is the main drawback of ZnO-based photocatalysts.  
 Synthesize a visible-driven photocatalyst in an effort to evaluate the effect of light type 
on the performance of photocatalyst. 
 Optimize operating parameters of photocatlytic method for increasing the degradation 







1.4. Thesis outline 
Chapter 1 presents a brief introduction, problem statements, and the objectives of this study. 
Chapter 2 reviews the previous investigations for pharmaceuticals removal and the mechanism of 
photocatalysis process with focus on ZnO-based photocatalyst, and discusses the necessary 
background for developing the proposed methodology. In addition, Chapter 2 provides a 
literature review focusing on the limitations ZnO-based photocatalysts. Chapter 3 discusses the 
methodology of this research, including experimental setup and apparatus design, materials and 
chemicals, including the examined antibiotics, synthesizing and characterization facilities, 
removal efficiency criteria and analytical methods. The experimental design and key operating 
parameters are also identified in this chapter. The major findings of the present research for 
removal of (sulfamethoxazole) SMX, (ampicillin) AMP and (amoxicillin) AMX antibiotics are 
presented and discussed in Chapter 4. At the end, Chapter 5 presents the concluding remarks and 






2. Literature Review 
2.1. Introduction 
Since penicillin was discovered by Fleming (1944), antibiotics have been extensively 
produced, consumed and used to treat bacterial diseases worldwide (Wang et al. 2019). 
However, after a short residence time in body, a large portion of antibiotics is excreted as 
metabolized or partially metabolized (Ikehata et al. 2006). Such behavior and extensive use for 
both human and veterinary medicine, resulted the presence of high levels of antibiotic residues in 
water and wastewater treatment effluents (Cheng et al. 2018). The presence of these 
contaminants in water poses a serious environmental threat due to their adverse effects on the 
environment and the human health (Tijani et al. 2013). The continuous introduction of antibiotics 
and their metabolites into the natural aquatic increases the number of antibiotic resistant bacteria, 
which is an important public health concern (Gao et al. 2018, Su et al. 2016). It is expected that a 
continued rise in antibiotic resistant bacteria by 2050 would kill people more than cancer by 10 
million individuals every year (Sugden et al. 2016). Different treatment techniques can be 
applied to remove organic compounds from the effluents. Physical-chemical processes such as 
filtration (Shamsuddin et al. 2015) and reverse osmosis (Dolar et al. 2012) are unable to destroy 
contaminants and only transfer the pollutants from one phase to another (Elmolla and Chaudhuri 
2010a). Biological treatment processes, commonly used in wastewater treatment plants, are 
usually inefficient in the removal of toxic and refractory organic contaminants such as antibiotics 
(Kansal et al. 2007, Pardeshi and Patil 2008, Qamar and Muneer 2009). Hence, the development 
of reliable, efficient and economical methods for the elimination of antibiotics in the aquatic 
environment is urgently needed. Advanced oxidation processes (AOPs) such as ozonation, 
O3/UV, H2O2/UV and photocatalytic degradation processes potentially can eliminate ECs 
without producing secondary waste in the environment (Shemer et al. 2006, Vogna et al. 2004). 
Among them, photocatalytic degradation process has been shown to be a promising technique 
due to its non-toxicity, lack of mass transfer limitation, and possible operation at ambient 





2.2. Zinc oxide based photocatalytic degradation 
Among different type of AOPs, undoubtedly, photocatalytic degradation process is a 
promising approach for the removal of toxic and recalcitrant contaminants such as 
pharmaceuticals and antibiotics. TiO2 and ZnO and are among the most widely used 
photocatalysts for degradation of antibiotics in water due to their non-toxicity, chemical 
inertness, and low cost (Kanakaraju et al. 2015, Mirzaei et al. 2016, 2018a, Zhang et al. 2013). 
Since ZnO and TiO2 have nearly the same band gap energy, their photocatalytic performances 
are anticipated to be similar (Lee et al. 2016, Peng et al. 2006). However, the difference in the 
morphology, charge-transfer dynamics and surface interactions can influence the performance of 
semiconductors (Hariharan 2006, Kamat et al. 2002). Due to certain intrinsic characteristics such 
as high electron mobility (about 10-100 times more than TiO2) and higher quantum yield, ZnO 
can be considered as an effective photocatalyst and a suitable alternative to TiO2 (Kansal et al. 
2007, Kumar and Rao 2015, Li et al. 2014, Mai et al. 2008, Yu et al. 2016). The higher removal 
efficiency of ZnO compared to TiO2 under certain operating conditions is reported in several 
studies (Elmolla and Chaudhuri 2010a, Hariharan 2006, Kansal et al. 2007, Li et al. 2010, Liu 
and Gao 2014, Palominos et al. 2009, Pardeshi and Patil 2008, Pare et al. 2008, Patil et al. 2010, 
Sin et al. 2013, Wu 2004, Zhao et al. 2012). Elmolla and Chaudhuri (2010a) showed that under 
optimized operating conditions, UV/ZnO process is considerably more effective than UV/TiO2 
for the removal of pharmaceuticals and chemical oxygen demand (COD) and for (dissolved 
organic carbon) DOC reduction.  
2.2.1. ZnO structure 
ZnO as a wide band-gap (3.2 eV) semiconductor is a promising candidate in industrial 
applications and environmental engineering due to its unique characteristics such as low cost, 
strong oxidation ability, good photocatalytic property, and insolubility in water. ZnO has three 
well-defined crystal structures namely, rocksalt, zinc blende and wurtzite as shown in Fig. 2.1. 
Among the three structures, wurtzite with a hexagonal structure has the highest thermodynamic 




Figure 2.1. (a) Rocksalt, (b) zinc blende and (c) wurtzite structures model of ZnO (Lee et al. 2016). 
 
2.2.2. Mechanism of ZnO based photocatalysis 
The mechanism of photocatalysis process under UV irradiation is based on the excitation of a 
semiconductor by irradiation of photons with an equal or higher amount of energy than its band 
gap (Fig. 2.2). Under this condition, the electrons of valence band (VB) advance to the 
conduction band (CB) energy level to generate electron-hole pairs and reactive oxygen species 
(ROS) (Gaya and Abdullah 2008) (Eqs. 2.1-2.5). 
)(   cbvb ehZnOhZnO         (2.1)  
  22 )( OadsOecb         (2.2)  
  OHHadsOHhvb )(2       (2.3)  
  OHadsHOhvb )(        (2.4)  

vbh + Organic matter (OM) → OM
+●→ Oxidized products   (2.5)  
The generated pairs of electron/holes can directly react with organic matter (Eq. 2.5) or 
indirectly by producing free radicals (Eqs. 2.2 -2.4) (Chong et al. 2010). Under optimized 
operating conditions, the organic contaminants can be totally mineralized to carbon dioxide, 
water and non-toxic anions. However, in some cases, total mineralization does not occur and the 
contaminants are converted to by-products. The main limitation of ZnO photocatalysts are the 
fast recombination of photo-generated charges (Ba-Abbad et al. 2013) and photocorrosion (Lee 
et al. 2016). Therefore, modification of the ZnO structure for enhancing its efficiency and 
9 
 
stability is urgently needed. If these improvements are achieved, ZnO can represent an effective 
photocatalyst for environmental applications. 
 
Figure 2.2. General mechanism of the photocatalysis process (Lee et al. 2016). 
 
2.2.3. Strategies for modification of zinc oxide photocatalyst 
2.2.3.1. Doping 
It is worth mentioning that the rapid recombination of generated electron/holes in a 
photocatalyst considerably limits its application. A novel, effective and practical approach to 
enhancing the photocatalytic activity of ZnO is doping some elements for inter-particle electron 
transfer, since the chemical properties of materials, their atoms and the bonds between them 
considerably alter photocatalyst characteristics including the interfacial electron-transfer rate, 
charge carrier and recombination rate (Mirzaei et al. 2016). It is stated that the doping of a cation 
with a valence lower than that of the parent cation in the semiconductor (such as Na, K, etc. in 
ZnO) produces abundant oxygen vacancies (Takata and Domen 2009). Benhebal et al. (2012) 
reported that Na-doped and Li-doped ZnO produced higher efficiencies of phenol 
photodegradation.  
Doping with inorganic elements such as sulfur improves optical, electrical, and 
photocatalytic activities of ZnO, due to the large electronegativity and size difference between 
sulfur and oxygen. Patil et al. (2010) reported that the COD removal efficiency by using S-doped 
ZnO was almost two times higher compared with the bare ZnO under solar irradiation. Doping 
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can also shift the absorption edge of photocatalyst from UV region to visible light region by 
narrowing the band gap of semiconductor. Chen and Liu (2016) reported that tetracycline was 
totally removed after 90 minutes of reaction under xenon lamp as a source of visible light by 
nitrogen-doped TiO2.  However, dopant modification needs accurate control and experiment to 
evaluate the optimum amount of dopant. This occurs because the addition of dopant higher than 
the optimum value can act as recombination center and promote the recombination of electron 
and hole (Lee et al. 2016). In addition, using high concentrations of metals doped onto the 
catalyst surface will reduce the available active sites of ZnO for the absorption of light and 
adsorption of pollutants, deteriorating the catalytic efficiency of the semiconductor (Arabatzis et 
al. 2003). To achieve the photocatalytic removal of a pollutant, the photo-induced electron/hole 
(e-/h+) on the surface of a photocatalyst should have an appropriate reduction and oxidation 
ability to generate free radicals (O2⦁
−, OH⦁, etc.). Any effort to narrow the band gap of 
semiconductor leads to reducing the redox and oxidation potential of semiconductor and the 
efficiency of mineralization (Li et al. 2016). For instance, from thermodynamic point of view, 
standard oxidation potentials required for the production of hydroxyl radicals based on Eq. (2.4) 
is 2.69 eV (Li et al. 2016). Therefore, by reducing oxidation potential lower than 2.69 eV by 
narrowing the band gap, the generation of OH⦁ radicals as a strong reactive species will be 
limited. Generally, complete mineralization is more desirable than the elimination of specific 
target contaminants. This is important since a complete removal of total organic carbon (TOC) 
will ensure the complete mineralization of contaminants and potential intermediate compounds, 
and their transformation into CO2 and H2O. The by-products produced during the degradation of 
pharmaceuticals are sometimes more toxic than the parent compounds (Mirzaei et al. 2018c). 
Surface modification as an alternative strategy can be performed in order to slow down the 
recombination rate and enhance the photocatalytic removal efficiency without changing the band 
gap.  
2.2.3.2. Surface modification 
The performance of semiconductors as photocatalyst for the removal of aquatic contaminants 
is strongly dependent on the type of contaminant and surface interactions, kind of reactive 
oxygen species, charge transfer efficiency and recombination rate of the photo-induced electron 
and holes (Ryu et al. 2017). Among various surface modification methods, the surface 
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fluorination of semiconductors has recently attracted much attention as it is highly efficient, 
simple, and inexpensive to perform (Chen et al. 2009).  
Effect of surface fluorination  
Generally, surface fluorination does not greatly affect the structure and optical characteristics 
of semiconductors. In contrast, it significantly modifies the surface characteristics such as 
acidity, surface charge, polarity, etc., which influence the adsorption of reactants, surface charge 
separation and transfer, production of active radical species, and thus surface photocatalytic 
reaction kinetics and mechanism (Liu et al. 2012, Minero et al. 2000). For instance, the presence 
of fluoride ions leads to a more negatively charged surface, and reduces the zero point charge 
(ZPC) of surface. Therefore, the adsorption of the positively charged organic pollutants is 
usually favored by surface fluorination, while adsorption of negatively charged organic pollutant 
is normally inhibited (Kim et al. 2010). Notably, the surface fluorination process and the 
resulting surface properties of photocatalyst are affected by the pH value. Therefore, the 
adsorption behavior on fluorinated photocatalyst surface is also pH dependent (Liu et al. 2012). 
Fig. 2.3 illustrates the effects of surface fluorination on zeta potential of TiO2 particles.  
 
Figure 2.3. Zeta potential of TiO2 particles in aqueous suspensions ([TiO2]=2 mg/L) as a function of pH and 
fluoride ion concentration (Park and Choi 2004). 
 
Beside adsorption capacities, surface fluorination of photocatalyst may significantly alter the 
adsorption capacities and modes of adsorption of molecules. Wang et al. (2008b) demonstrated 
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that the adsorption mode of RhB dye on bare TiO2 was changed from carboxylic (-COOH) group 
to the cationic moiety (-NEt2 group) by surface fluorination (see Fig. 2.4).  
 
 
Figure 2.4. The change of adsorption mode of Rhodamine B (RhB) on the surface fluorinated TiO2 (a) in 
comparison to that on pure TiO2 (b) (Wang et al. 2008b). 
 
Normally, the photocatalytic reactions occur on the surface of photocatalysts. Therefore, the 
change of adsorption capacity may considerably change the photocatalytic reaction efficiency. 
Generally, a higher adsorption capacity leads to a higher photocatalytic activity. This happens 
because the adsorbed molecules on the surface of photocatalyst can be oxidized directly by 
photo-induced holes (Eq. 2.5). In addition, the adsorbed molecules may react more efficiently 
with photo-generated short-living hydroxyl radicals, which are mostly bound on the 
photocatalysts surface and may be rapidly transformed to inactive surface -OH group (Liu et al. 
2010). The modification of TiO2 surface with fluoride anions and generation Ti ̶ F bounds also 
enhances UV light photocatalytic activity due to the formation of mobile free OH⦁ radicals (Eqs. 
2.6-2.8), while most hydroxyl radicals generated on pure TiO2 surface prefer to remain adsorbed 
(Eq. 2.9) (Xing et al. 2012). 
  CBVB
h ehTiO 2         (2.6) 
  TiFFTihCB        (2.7) 
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  )(2 unbounedOHHFTiOHTiF     (2.8) 
  )(boundedVB OHTihOHTi       (2.9) 
The unbounded radicals not only possess higher oxidation potential than adsorbed radicals 
(2.3 eV vs 1.7 eV) but also they are more reactive due to the facile homogeneous photocatalytic 
reactions (Xu et al. 2007). As shown in Fig. (2.5), electron storage in the surface fluorinated 
moiety retards electron transfer to dissolve oxygen. As a result, surface fluorination inhibits 
recombination of photo-induced electron and hole which significantly facilitates the interfacial 
hole transfer and production of hydroxyl radicals.  
 
Figure 2.5. Changing the mechanism of reactions by surface fluorination of TiO2 (Yu et al. 2009). 
 
In summary, the modification of semiconductors’ surface to achieve synergistic effects of 
adsorption and photodegradation is an effective way to promote the performance of 
photocatalysts.  
2.2.3.3. Couple semiconductors 
2.2.3.3.1. Fe3O4/ZnO 
It is proven that coupling semiconductors with different band gap value or band gap position 
would increase the separation of charge carriers which enhances the lifetime of electron and hole 
(Serpone et al. 1995). For instance, coupling Fe3O4 as a narrow band gap (2.2 eV) with ZnO as a 
wide band gap semiconductor (3.2 eV) not only can improve the photocatalytic activity of 
composites, but it also facilitates the separation of particles from solution after treatment as the 
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result of magnetic properties (Feng et al. 2014, Hong et al. 2008, Xia et al. 2011). Feng et al. 
(2014) reported that the hybrid Fe3O4/ZnO nanocomposite enhanced the phenol degradation 
efficiency from 52% for pure ZnO to of 82.3%. Hong et al. (2008) successfully used Fe3O4/ZnO 
nanocomposite in four repeated cycles by using a magnet for speeding up the sedimentation of 
magnetic photocatalyst.  
2.2.3.3.2. g-C3N4/ZnO 
After reporting the photocatalytic activity of graphitic carbon nitride (g-C3N4) by Wang et al. 
(2009c), many studies have considered g-C3N4 either as a standalone photocatalyst ((Ding et al. 
2017) and references therein) or as a heterojunction with other semiconductors ((Huang et al. 
2018) and references therein). Graphitic carbon nitride, as a metal-free semiconductor, has 
gained remarkable acceptance as a visible-light-driven (VLD) photocatalyst due to its high 
chemical stability, response to visible-light and environmentally benign character (Dong et al. 
2015, Hao et al. 2016, Papailias et al. 2018). Moreover, g-C3N4 can be easily synthesized by 
thermal polymerization of inexpensive nitrogen-rich precursors such as urea, melamine, 
dicyandiamide, thiourea and cyanamide (Fig. (2.6)) (Shen et al. 2018). 
In particular, g-C3N4 with nanosheet structure reduces perpendicular migration distance of 
photo-induced charge carriers from the bulk to the surface and accelerates electrons transport 
along the in-plane direction (Ou et al. 2017). However, low charge mobility, low specific surface 
area, as well as high recombination rate of electrons and holes restrict g-C3N4 applications as a 
stand-alone photocatalyst (Mirzaei et al. 2018b, Zhou et al. 2017). Furthermore, with nanosheet 
structure, its separation from the solution after photocatalytic process is difficult. Therefore, 
different strategies such as preparation of mesoporous g-C3N4 (Hao et al. 2016), exfoliation 
(Dong et al. 2015), coupling with other materials (Mirzaei et al. 2018a, Zhou et al. 2017) and 
preparation of magnetic g-C3N4 ((Mousavi et al. 2018) and references therein) have been applied 
to improve the photocatalytic performance of g-C3N4. Despite the beneficial effects of hybrid 
photocatalysts, the poor attachment of the produced composites restricts the charge carriers 
transfer between heterojunction interfaces and reduces the stability of the resultant photocatalysts 
(Chen et al. 2016, Pan et al. 2012). Therefore, the design of an efficient conjugated composite of 





Figure 2.6. Schematic synthesis process of g-C3N4 through thermal polymerization of nitrogen-rich different 
precursors (Shen et al. 2018). 
2.2.3.3.3. Magnetic g-C3N4 
Among different modification methods, the introduction of a magnetic material over the g-
C3N4 nanosheets is promising since the separation of particles from solution would be facilitated 
via this method (Mousavi et al. 2018). In addition, the coupling of a magnetic component would 
synergistically improve the photocatalytic activity by developing a heterojunction between the g-
C3N4 and the magnetic material and will increase the separation of the electron and hole pairs 
(Abazari et al. 2016). Hematite (α-Fe2O3), maghemite (γ-Fe2O3), magnetite (Fe3O4), and metal 
ferrites (MFe2O4) with magnetic properties have been widely used for synthesizing magnetic g-
C3N4 (Mousavi et al. 2018). However, Fe3O4 owing to its super-magnetic properties is the most 
studied magnetic material coupled with g-C3N4 (Mousavi et al. 2018) (see Fig. 2.7). Zhou et al. 






Figure 2.7. Distribution of published papers considering magnetic materials coupled with g-C3N4 (Mousavi et al. 
2018). 
2.2.3.3.4. Exfoliation of g-C3N4 
As mentioned above, the photocatalytic activity of bulk g-C3N4 is low due to low surface 
area and high recombination of charge carriers. The van der Waals interaction between layers of 
bulk g-C3N4 reduces the surface area and active sites. Exfoliation is often achieved by applying 
external forces to overcome the van der Waals interactions between sheets (Cai et al. 2012). 
Among different methods to improve the optical properties and photocatalytic activity of g-C3N4, 
exfoliation appears to be very effective and easy to apply (Papailias et al. 2018). Moreover, 
without exfoliation, bulk g-C3N4 usually suffers from poor dispersity in solution (Dong et al. 
2016). Exfoliated g-C3N4 with a thickness of ∼2 nm, not only provides high specific surface area 
and pore volume and abundant reactive sites, but also promotes the charge transport. Mechanical 
(ultrasonic), thermal and chemical exfoliation have been developed as the major techniques of 
exfoliation (Cai et al. 2012). Fig. (2.8) presents the schematic illustration of liquid-exfoliation 
process from bulk g-C3N4 to nanosheets. 
 




2.3. Impact of controlling parameters on photodegradation efficiency 
2.3.1. Effect of photocatalyst loading 
The total efficiency and removal rate of photocatalytic reactions are affected by the 
photocatalyst loading. Generally, the removal of contaminants by photocatalytic degradation 
increases with the increase of ZnO concentration until it reaches an optimum loading. This effect 
is observed since the increase of catalyst dosage provides a larger number of active sites and 
consequently, a higher electron-hole generation, leading to increased generation of hydroxyl and 
superoxide radicals, which facilitate the degradation of organic contaminates (Patil et al. 2010). 
However, excess photocatalyst loading may reduce the removal efficiency of contaminants by 
unfavorable light scattering and reduction of light penetration into the solution that may result 
from the turbidity of solution and shielding of target contaminants from direct radiation 
(Pardeshi and Patil 2008, Patil et al. 2010, Qamar and Muneer 2009). Furthermore, the high 
concentration of catalyst may cause particle agglomeration and reduce the homogeneity of 
suspension, thus reducing the availability of active sites (Rabindranathan et al. 2003). 
Mahalakshmi et al. (2007) reported that 1 g/L of ZnO was the optimum concentration for 
carbofuran removal. Table 2.1 and Table 2.2 show that a high dosage of catalyst (0.5-2.5 mg/L) 
is usually needed in order to efficiently remove pharmaceuticals in water. The relatively high 
cost of the catalyst and its regeneration as well as the separation of catalyst from water after 
treatment limit the application of photocatalytic processes at high water flow rates. The use of 
nanostructure ZnO will significantly reduce the required dosage of the catalyst, improving its 
economic prospects. This is because nano structure of ZnO provides a larger surface area and 
more active sites (Hayat et al. 2011). For instance, 50% ciprofloxacin removal was achieved by 
using only 20 mg/L of nano-ZnO (El-Kemary et al. 2010). In addition, 90% and 59% removal of 
tetracycline and ibuprofen were reported, respectively, by using 20 mg/L of nano-ZnO (Choina 
et al. 2015). 
2.3.2. Effect of contaminant concentration  
The concentration of contaminants is an important factor that affects the efficiency and 
kinetics of removal as well as the optimum catalyst dosage (Mahalakshmi et al. 2007). 
Generally, at low concentrations of contaminants, the rate of degradation increases with the 
increase of substrate concentration since there are sufficient amounts of radicals and holes for the 
reaction with contaminants at low substrate concentration. However, beyond the optimal 
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concentration, the removal rate decreases due to the insufficient amount of reactive radicals 
(Shankar et al. 2004). As the concentration of contaminants increases, more reactant molecules 
are adsorbed on the surface of ZnO, reducing the generation of OH⦁ radicals since there are 
fewer active sites for the adsorption of hydroxyl anions. On the other hand, at higher 
contaminants concentrations, the photons are absorbed by the contaminants before they can 
reach the catalyst surface. Therefore, the absorption of light by the ZnO surface decreases the 
photocatalytic efficiency (Patil et al. 2010, Sin et al. 2013). The high concentration of substrate 
may also cause the deactivation of photocatalyst. During the removal of tetracycline, the increase 
of contaminant concentration from 5 to 60 ppm, reduced its removal efficiency from 65 to 5% 
after 180 min of irradiation (Choina et al. 2015). The above studies indicated that the optimum 
contaminant concentration depends on the photocatalyst-to-substrate mass ratios. Mahalakshmi 
et al. (2007) reported an optimum photocatalyst-to-substrate ratio of 5:1, whereas Choina et al. 
(2015) reported an optimum ratio of 2:1. The deactivation of photocatalyst was not only 
attributed to the structure of catalyst, but it was also affected by the nature of substrate. For 
instance, ZnO had undergone more deactivation during the removal of tetracycline compared to 
ibuprofen (Choina et al. 2015). This could be due to the higher polarity of tetracycline compared 
to ibuprofen. 
2.3.3. Effect of pH on photocatalytic efficiency  
The pH of solution is an important factor in photochemical reaction since it controls the size 
of the generated aggregates and the surface charge properties of the photocatalyst (Qamar and 
Muneer 2009). The surface of catalyst can be positively or negatively charged, depending on the 
pH of solution. This is due to the amphoteric behavior of most metal hydroxide surfaces. 
Depending on the pH, the following reactions are expected to take place on the surface of 
photocatalyst (Sin et al. 2013): 
  2OHMHOHM     pKa1   (2.10) 
OHOMOHOHM 2

   pKa2   (2.11) 
where Ka is the acid dissociation constant. The pKa1 and pKa2 value for ZnO have been reported 
as 7.6 and 11, respectively. Consequently, the zero point charge of ZnO is determined as 9.3, 
(zpc = 0.5 (pKa1 + pKa2)) (Comparelli et al. 2005). Above the pH of 9.3, the surface of ZnO is 
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principally negatively charged by the adsorbed OH- ions (Ba-Abbad et al. 2013, Kansal et al. 
2007). As a result, the adsorption of organic matter onto ZnO is affected by the pH of solution. 
Li et al. (2014) observed that the highest removal efficiency of 17α-ethinylestradiol was 
achieved at pH 9 by using Ag/ZnO hollow sphere composites. The electric charge property of 
contaminant is another important factor in this process. The contaminant is in molecular form 
when the pH is less than its pKa, while at pH > pKa the compound loses a proton and becomes 
negatively charged. Hence, when the charge of catalyst and the dissociated contaminates are the 
same, the removal efficiency decreases due to the repulsion force between the catalyst surface 
and substrate. At pH < pKa the water solubility is reduced, so the adsorption of organic 
contaminants on photocatalyst is increased (Talebian et al. 2012). Hariharan (2006) reported a 
steady increase of degradation of 4-chlorophenol with pH up to 9. This was mainly due to the 
availability of more hydroxyl ions to react with the holes (h+). The optimum conditions 
summarized in Tables 2.1 and 2.2 show that the photocatalytic degradation by ZnO was more 
efficient under neutral or alkaline conditions. According to Eq. (2.4), the presence of abundant 
hydroxyl ions (OH-) under alkaline condition, leads to the production of high amount of 
hydroxyl radicals. Conversely, at low pH values, because of the lack of hydroxyl ions (OH-), the 
photo-generated holes are the sole oxidizing species (Patil et al. 2010, Wenhua et al. 2000). 
However, the interpretation of pH effect on the photocatalytic process is complicated because of 
the multiplicity of factors such as interactions with the photocatalyst surface, substrate and 
charged radicals as well as the controlling effect of pH on the dissociation of species (Kansal et 
al. 2007, Qamar and Muneer 2009, Talebian et al. 2012). In addition, different mechanisms such 
as direct reduction with the produced electron and oxidation with holes and indirect reaction with 
OH⦁ radicals could contribute to degradation at different pH values and under different 
experimental conditions. 
2.3.4. Effect of ion presence in water on photocatalytic efficiency   
The presence of ions has a significant impact on the effectiveness of photocatalytic reactions.  
Pare et al. (2008) reported that persulfate ions act as electron scavenger and improve the removal 
efficiency of acridine orange due to the generation of highly reactive 

4SO (E°=2.6 eV) radicals, 
according to Eq. (2.12): 
  244
2
82 SOSOeOS cb        (2.12) 
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These authors suggested three possible pathways for the production of persulfate with 
organic compounds: i) by removing a hydrogen atom from the saturated carbon, ii) by reacting 
with unsaturated or aromatic carbon and, iii) by removing one electron from the carboxylate 
ions. In addition, persulfate may react with the generated electron in the conducting band and/or 
with water molecules to produce sulfate ions or hydroxide radicals, respectively, as presented in 
the following reactions: 
  244 SOeSO cb         (2.13) 
𝑆𝑂4
⦁− + 𝐻2𝑂 → 𝑂𝐻
⦁ + 𝑆𝑂4
2− + 𝐻+      (2.14)  
The reaction shown in Eq. (2.13) improves the photocatalytic reaction by reducing electron-
holes recombination. However, at high concentrations of persulfate ions beyond the optimum 
value, the degradation of organic contaminants decreases due to the reaction with sulfate ions 
formed on the ZnO surface that contribute to the deactivation of a fraction of photocatalyst sites. 
Other ions commonly found in the water are carbonate ions that are present in the effluent of 
water and wastewater treatment plants. Textile industries use sodium carbonate for fixing dyes 
on the fabric, and produce effluents that contain high concentrations of carbonate ions. The 
carbonate ions act as the inner filter to absorb the light energy and radical scavengers, and 
decrease the rate of degradation according to the following reactions (Pare et al. 2008) : 
  3
2
3 COOHOHCO       (2.15) 
  323 COOHOHHCO       (2.16) 
The photocatalytic efficiency is considerably reduced when inert salts such as sodium 
chloride, sodium phosphate and sodium sulfate are present in the water. This is because of the 
preferential adsorption of the cationic or anionic molecules on the photocatalyst surface, while 
the inert salts inhibit degradation due to the competitive reaction of ions with the generated holes 
on the surface of photocatalyst. For instance, in the case of NaCl, the following hole scavenging 
reactions are expected: 
  HClhCl vb        (2.17) 
  2ClClCl         (2.18) 
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As mentioned before, the photo-generated holes act as an oxidation agent and produce 
hydroxyl radicals (Eq. 2.4). The hole scavenging effect of chloride ions leads to the deactivation 
of holes and inhibits the removal of contaminants (Pare et al. 2008). 
2.3.5. Effect of air bubbling into the solution on photocatalytic degradation 
The effects of oxygen and nitrogen bubbling into the solution have been investigated 
(Bohdziewicz et al. 2016, Qamar and Muneer 2009). The introduction of N2 gas into the solution 
negatively affected the rate of degradation by absorbing a fraction of UV radiation and expelling 
the beneficial dissolved oxygen molecules from the reactor (Pare et al. 2008). Conversely, the 
bubbling of oxygen enhanced the rate of reaction by acting as the electron acceptor on the 
surface of catalyst and reducing the probability of electron hole combination (Eq. 2.2). Qamar 
and Muneer (2009) and Bohdziewicz et al. (2016) observed that supplying oxygen not only 
improved the suspension state of the ZnO particles in the solution, but also reduced the rate of 
recombination of electron-holes process by providing oxygen as electron scavenger on the 
surface.  
Tables 2.1 and 2.2 summarize the findings of the existing literature on the use of 
photocatalytic processes for the removal of pharmaceutical and endocrine disrupting compounds 
from water, respectively. 
Table 2.1. Photocatalytic degradation of pharmaceuticals by ZnO-based photocatalysts 
Pharmaceutical Type of catalyst 
Water matrix/Light 
source/ Irradiation time 
Experimental 
conditions 








UV lamp 6 W  
at (≈365 nm). 
Irradiation time = 300 
min 




Temperature = 22°C 
pH  8 
 100 % AMX, AMP and CLX 
removal was achieved. 
 With [COD]0=520 mg/L, 33% of 
COD removal was also achieved, 
 The half-life time for COD 








APS# ≈ 2.1 nm 
Distilled water, Xenon 
lamp (365 nm) 
Irradiation time = 60 
min 
[Catalyst]= 0.02 g/L, 
[EC]0=5 mg/L 
pH 10 
 50% CPX removal was achieved. 
 The reaction was more efficient in 
basic condition. 
 The loading of nano-catalyst was 
very low; First-order-rate constant 







annealed at 700 
°C (Mg ≈ 5% 
wt ) 
Distilled water, 
125 W high-pressure 
Hg lamp 
Irradiation time : 10 min 
[Catalyst] = 1 g/L 
[EC]0=0.03 mM 
 About 87 % removal was 
achieved by Mg/ZnO. 
 In same condition this value for 








Simulated solar light 
Xe lamp, 
(250 W m-2) 
(300-800 nm) 
Irradiation time =10 min 
[Catalyst] = 1 g/L 
[EC]0=20 mg/L 
pH 11 
 Total removal of TC was achieved 
after 10 minutes.  
 Also, total mineralization of TC 
was achieved after 45 min of 
irradiation. 
(Palomino
s et al. 
2009) 
Metronidazole Nano ZnO Distilled water [Catalyst] = 1.5 g/L  96.5 % EC removal and 95.5% (Farzadki
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Commercial (8 W) low pressure 
Irradiation time =180 
min 
[EC]0= 80 mg/L 
pH 10 
Room temperature 






Low pressure Hg lamp, 
(8 ×8 W) 
(254 nm), 
Irradiation time = 6 h 





 ~ 90% TOC removal was 
achieved. 
(Mahalaks








Real sewage effluent 
[COD]0 = 37 mg/L 
[BOD]0 = 4 mg/L 
TKN< 5.0 mg/L 
Hg lamp, (6 ×8 W) 
(365 nm), intensity = 
1.6 mW.cm-2. 
Irradiation time = 40 
min 






























 After 40 minutes, about 95% 
removal was achieved for all ECs. 
 The average first order rate 
constant for all considered 












Four UV–Vis solarium 
lamps 
(60 W), Irradiation 
time= 180 min 
[Catalyst] = 0.02 g/L 
pH  9 
[Ibuprofen]0= 5 ppm 
[TC]0= 10 ppm 
 For ibuprofen, 59% and 36% 
removal were archived by ZnOe 
and ZnOw , respectively.  
 For TC, 90 % and 85 % removal 
were archived by ZnOe and ZnOw, 
respectively. 
 ~50% deactivation of both 










UV lamp (18W) 
(315–400 nm) 
Intensity= 
5×10–5 W cm-2 
Irradiation time = 4 h 








Temperature = 25 °C 
 About 14 % removal paracetamol 
was achieved.  
 First-order-rate constant for 
paracetamol removal was 0.0362 
(min-1).  
 ~40 % chloramphenicol removal 
was achieved. 










Low pressure Hg lamp 
(150 W) 
(λ < 300nm) 
Irradiation time = 30 
min 
[Catalyst] = 0.05 g/L 
pH  7 
[EC]0=1 mg/L 
Temperature = 20 °C 
 68% diclofenac removal was 
achieved.  
 First-order-rate constant for 
diclofenac removal was 0.0574 
(min-1).  
 The half-life of diclofenac 
removal was 8.58 min. 
 60% ibuprofen removal was 
achieved. 
  First-order-rate constant for 
ibuprofen was 0.0328 (min-1). 
  The half-life of Ibuprofen was 
13.04 min. 
 60% removal was achieved for 
(Bohdzie





 First-order-rate constant for 
carbamazepine removal was 
0.0152 (min-1). 
 The half-life of carbamazepine 







time = 27 min 
[Catalyst] = 0.02 g/L 
[EC]0= 10 mg/L 
pH (n.a) 
Temperature = 30 °C 
 100% removal was achieved. 
  First order rate constant was 
0.072 (min-1).  
 Excellent activity (recyclability) 








(0.4 % mol) 
(Sonochemical) 
Distilled water 
Ultrasound (700 W, 20 
kHz) 
Irradiation time = 45 
min 
[Catalyst] = 1 g/L 
[EC]0= 10 mg/L 
pH  6.1 
[Oxidants] = 0.7 g/L 
 With H2O2 as oxidant the  removal 
was = 81.5%,  
 With 2
82OS
as oxidant the  
removal was = 87.6 %, 
 With 
5HSO
as oxidant the 
removal was = 72.2 %. 
 With 
4IO
as oxidant  the removal 
was = 95.5% 
(Eskandar







Ultrasound (650 W, 60 
kHz) 
Irradiation time = 120 
min 
[Catalyst] = 0.5 g/L 
[EC]0= 10 mg/L 
pH  4.5 
Room temperature 
 73.2 % removal was achieved. 
 Only 2% of reduction in activity 
was shown after five cycles. 
(Karaca et 
al. 2016) 
# Average Particle Size 
na: not available  
[EC]= Initial concentration of emerging contaminants  
 
Table 2.2. Photocatalytic degradation of endocrine disruptive compounds (EDCs) by ZnO-based photocatalysts 
Contaminant Type of catalyst 










(1.7 × 10−7 Einstein s−1 
cm−2.) 
Irradiation time: 7 h 
[Catalyst] = 2.5 g/L, 
[EC]0 =150 ppm 
pH 6.7 
 By pure ZnO, ~55% of COD 
removal was achieved. 
 By S/ZnO, 100% of COD 
removal was achieved. 
 First order reaction constants for 
S/ZnO and ZnO were, 2.51×10−1 
h−1 and 8.09×10−2 h−1, 
respectively. 
 The activity of modified ZnO 
remained unchanged after five 
cycles. 











UV lamp 8 W 
(254 nm) 
UV fluxes =145 W m−2, 
Irradiation time: 50 min 
[Catalyst] = 0.5 g/L, 
[EC]0 =2.719 mg/L 
pH (neutral) 
 100 % and 53%.of removal was 
achieved by Ag/ZnO, and bare 
ZnO, respectively.  
 The activity of modified ZnO 
remained unchanged after three 
cycles.  
 The Maximum first-order-rate 
constant was 0.067 (min-1) 








(Ag ≈ 0.5% ) 
Distilled water 
UV-light 
Irradiation time: 3 h 
[Catalyst] = 2 g/L 
[EC]0 =10 ppm 
 100 % and 15% removal was 
achieved by using Ag/ZnO 
prepared by polyacrylamide-gel 
method and bare ZnO, 
respectively. 
  Maximum first-order-rate 




M/ZnO (M= Li, 
Na, K) by sol-
gel methods 
Distilled water 
125 W Hg lamp 
Irradiation time=2 h 
[Catalyst] = 1 g/L 
[EC]0=200 mg/L 
temperature =20°C 
 The removal percentage by bare 
ZnO was about 68%.  
(Benhebal 
et al. 2012) 
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(M:Zn ratio = 
10% wt ) 
pH  6.5  70% and 74% removal were 













Irradiation time=90 min 




 For bare ZnO the first order rate 
constant and removal efficiency 
were 1.71×10-2 (min-1) and 65%, 
respectively. 
 Maximum first-order-rate 
constant and removal efficiency, 
were, 2.63×10-2 (min-1) and 85%, 
respectively. 
(Ba-Abbad 














Four UV lamps (8 W) 
(365 nm) Irradiation 
time = 150 min 
[Catalyst] = n.a 
(coated on glass) 
pH= 11 





 31%, 91% and 73% phenol, 4-
aminophenol and 4-Nitrophenol 
removal were achieved, 
respectively.  
 First-order-rate constant for 
phenol, 4-aminophenol and 4-
Nitrophenol removal was 0.006, 












UV lamp (6 W) 
(254 nm) 
Irradiation time = 60 
min 
[Catalyst] = n.a (Thin 
film) 
pH 6 
[EC]0 = 100 ppm 
temperature = 25 °C 
 95.4 % removal was achieved. 
 The removal by ZnO (sol-gel) in 
same condition was 80.7 %. 
 First-order-rate constant for 
(thermal evaporation) and (sol-
gel) were 0.0455 (min-1) and 
0.0272 (min-1), respectively. 
(Abdel Aal 











UVA (365 nm) 
Intensity= 
0.57 mW cm-2 
Irradiation time = 6 h 
[Catalyst] = n.a 





 About 90 %, 80%, 80% and 75% 
Estrone, 17β-estradiol, 17α-
ethinylestradiol and bisphenol A 








UV (365 nm) 
(15 W) Intensity= 
0.840 mW cm-2 
Irradiation time = 30 
min 
[Catalyst] = 2.5 g/L 
[EC]0= 5 mg/L 
pH 5.2 
temperature =26°C 
 100% removal was achieved. 
 Only about 4% decline was 
shown in performance of catalyst 
after 3 cycles. 
  The maximum first order rate 
constant was 0.1278 (min-1).  
 46.5 % of TOC removal was 
reported after 20 min of 
irradiation. 






UV (365 nm) 
(15 W) Intensity= 
0.840 mW cm-2 
Irradiation time = 30 
min 
[Catalyst] = 2 g/L 
[EC]0= 5 mg/L 
pH  11 
temperature =26°C 
 100% removal was achieved. 
 Only about 4% of decline was 
shown in performance of catalyst 
after 3 cycles. 
 The maximum first order rate 
constant was 0.2345 (min-1). 
 50.1% of TOC removal was 
reported after 20 min of 
irradiation. 






UV medium pressure 
mercury 
(400 W) 
Ultrasound (100 W 40 
kHz) 
Irradiation time = 120 
min 
[Catalyst] = 0.1 g/L 
[EC]0 = 40 mg/L 
pH  5.5 
temperature = 29 °C 
[H2O2] = 15 mg/L 










UV (365 nm) 
(6 W) Irradiation time = 
180 min 
[Catalyst] = 2 g/L 
[EC]0= 50 mg/L 
pH  7.1-7.5 
temperature = 26 °C 
 100% removal was achieved. 







Distilled water and also 
real industrial effluent. 
Seven 
UV tubes (36 W), (365 
nm) Intensity= 
25 W m-2 
Irradiation time = 120 
min. And also, Solar 
radiation = 6 h, 
Intensity= 
35 W m-2 
[Catalyst] = 1.5 g/L 
[EC]0=  50 ppm 
pH 8 
temperature = 30 °C 
 98.6 % removal was achieved 
under 120 min of irradiation of 
UV lamp. 
  First order rate constant was 
0.0173 (min-1). 
 By utilizing solar energy, 99.1% 
removal was achieved after 6 h. 
 In real effluent, about 44% of 
COD removal was achieved by 
(ZnO/solar) after 6 h. 






UV lamp (medium 
pressure Hg). 
(400 W), Ultrasound 
(100 W 40 kHz) 
Irradiation time = 120 
min. 
[Catalyst] = 0.1 g/L 
[EC]0= 40 mg/L 
pH 5.5 
temperature = 29 °C 
 85% degradation was achieved. 
(Anju et al. 
2012) 
# Average Particle Size 
na: not available  
[EC]= Initial concentration of emerging contaminants  
 
2.4. Method of ZnO synthesis 
The photocatalytic performance of ZnO depends on many factors such as the surface area, 
phase purity, crystallite size, method of preparation and type and concentration of dopant as 
modifier (Etacheri et al. 2012). Generally, the nano structural properties of catalyst such as 
crystallinity, morphology, size, electronic structure, and surface defects substantially differ from 
those of the bulk catalyst (Wu and Huang 2010). For instance, the nanostructure form of ZnO not 
only provides a larger surface area and catalytic activity, but also increases the effective band 
gap of nano catalyst when the crystallite dimension of a catalyst particle falls below the critical 
radius of about 50 nm (Mirzaei et al. 2016). As a result, an improvement in driving force 
resulting from the increase of the oxidation/reduction potential is expected. In addition, the use 
of nanostructure ZnO will significantly reduce the required dosage of the catalyst, improving its 
economic prospects. This is because the nano structure of ZnO provides a larger surface area and 
more active sites (Hayat et al. 2011). For instance, 50% ciprofloxacin removal was achieved by 
using only 0.020 g/L of nano-ZnO (El-Kemary et al. 2010). In addition, 90% and 59% removal 
of tetracycline and ibuprofen were reported, respectively, by using 0.020 g/L of nano-ZnO 
(Choina et al. 2015). In the case of nano-ZnO, the amount of electron-hole recombination is 
considerably less than that in the micro-size catalyst (Hayat et al. 2011) since the nanostructure 
catalyst commonly has more defects and oxygen vacancies on the surface (Wang et al. 2009b, 
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Wu and Huang 2010). In the photocatalyst process, defects and oxygen vacancies become 
centers to trap the photo-generated electrons on the surface (Lee et al. 2016). The temperature of 
calcination process is also a critical factor, which considerably alters the morphology, surface 
hydroxyl groups and performance of the ZnO photocatalyst (Hayat et al. 2011, Kong et al. 2010). 
At high temperatures of calcinations, the crystallites tend to agglomerate. Consequently, the 
surface area decreases and particle size increases due to the growth and sintering of the 
nanoparticles. Since both crystallinity and high surface area are important to the catalytic 
activity, a trade-off must be found between these two competitive parameters. Different types of 
solvents used in the synthesize process also affect the surface characteristics and the performance 
of photocatalysts. For example, using ethanol instead of water in the preparation of ZnO 
improved the activity and stability of photocatalyst (Choina et al. 2015).  
2.4.1. Hierarchical photocatalysts 
ZnO photocatalysts can be prepared by various techniques such as precipitation (Sepulveda-
Guzman et al. 2009), sol-gel (Mahdavi and Talesh 2017), and hydrothermal/solvothermal 
(Muñoz-Fernandez et al. 2017) methods. Among these methods, the hydrothermal synthetic 
route has advantages to obtain high-crystallized powders with high purity and narrow grain size-
distribution without the expensive precursors (Wirunmongkol et al. 2013). By 
hydrothermal/solvothermal techniques, different forms of photocatalyst such as nanoparticles, 
nanorods, mesoporous structure, or nanotubes can be prepared. However, none of these 
photocatalysts completely satisfies all practical requirements such as high surface area, 
reusability and lack of mass transfer limitations. The hierarchical structures have been known as 
the state-of-the-art forms of photocatalysts due to their unique shape and structure (Li et al. 
2016). ‘‘Hierarchical photocatalysts’’ are usually referred to as the nanostructured 
semiconductors having multidimensional domains at different levels or multimodal pore 
structures.  
Different forms of hierarchical photocatalysts such as urchin-like, brush-like, flower-like and 
tree-like (Fig. 2.9) possess interconnected and readily accessible porous networks and high 
specific surface areas, which not only enhance the adsorption of reactants and light harvesting, 




Figure 2.9. Typical hierarchical structures of photocatalyst (Li et al. 2016) and significance of hierarchical 
nanostructures in enhancing photocatalysis. 
 
Hierarchical structures of photocatalysts usually provide a rough surface, which is beneficial 
for light harvesting. Hierarchical photocatalyst with macro/mesoporous or appropriate inner 
structures offer multiple reflections and scattering of light inside their pore channels as well as 
within the interiors of cavities, which results in enhanced light absorption (Li et al. 2007) (Fig. 
2.10). 
 
Figure 2.10. Schematic illustration of the reflecting and scattering effects in interiors of cavities (A) and 
hierarchical microspheres (B) (Xiong et al. 2014). 
 
The design of novel hierarchical morphologies and interconnected porous networks can also 












et al. 2004). In the case of photocatalysts with properly interconnected pores of different sizes, 
the reactant molecules can easily diffuse into the reaction sites, while the intermediates and 
products can freely move out of them (Fig. 2.11). 
 
Figure 2.11. Three-dimensional mesoporous architecture with a continuous and periodically porous network that 
offers transport routes for reactants to move in and out of the framework (Yu et al. 2004). 
 
Besides improving the light harvesting and mass transfer, hierarchical structures also 
improve the efficiency of removal by increasing the specific surface area. For instance, Lu et al. 
(2008) synthesized a hierarchical ZnO photocatalyst with 185.6 m2/g by solvothermal method, 
which possesses a significantly higher specific surface area compared to the commercial ZnO 
nanoparticles (~30.6 m2/g). The higher specific surface area is obviously beneficial for 
enhancing the photocatalytic performance.  
2.4.1.1. Strategies for fabrication of hierarchical photocatalysts 
Mostly, the 3D hierarchical structures are synthesized via the self-assembly of nanosized 
building blocks (including nanoparticles, 1D nanowires, and 2D nanosheets). However, it is very 
difficult to directly design and fabricate various kinds of hierarchical photocatalysts such as 
brush-like, flower-like, and forest-like with highly controlled hierarchical morphologies (Li et al. 
2016). Templating is one of the most important techniques, using a pre-existing guide with 
desired nanoscale features to control the oriented growth of hierarchical nanomaterials (Liu et al. 
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2013). Based on the physical properties of the employed templates, this method can be 
performed by relatively rigid shaped material such as SiO2 (hard templating) (Yu et al. 2008) and 
soft templates such as poly (ethylene glycol) (Yu et al. 2013). 
2.5. Summary of literature review 
The presence of antibiotics in the aquatic ecosystem has raised increasing concern due to 
their frequent appearance and the threat to health and safety of aquatic life, even at trace 
concentrations. Conventional water treatment processes are known to be generally inadequate for 
the elimination of these persistent contaminants. Therefore, the use of AOPs, such as 
photocatalytic oxidation, which is able to efficiently oxidize organic pollutants, has attracted a 
great amount of attention. Photocatalytic removal of emerging contaminants by using zinc oxide 
photocatalyst is a promising process due to the unique characteristics of this catalyst such as 
wide band gap, non-toxicity and low cost. The main limitations of ZnO photocatalysts are the 
fast recombination of photo-generated charges and photocorrosion. Recently, a considerable 
effort has been made to improve the photocatalytic performance of ZnO by surface modification, 
doping with elements, optimizing preparation methods, and using hierarchal structure. Hierarchal 
structure not only enhances light absorption and specific surface area of photocatalysts, but also 
reduces the mass transfer limitations. In addition, surface fluorination of photocatalysts can be 
considered as an effective surface modification method to improve the efficiency of contaminant 
removal. Finally, the efficiency of photocatalytic degradation processes have been shown to be 
dependent on the pH of solution, type and amount of ZnO, concentration of contaminants, 
presence of natural organic matter (NOM) and electron acceptor. Therefore, optimizing the 
controlling parameters during the synthesis or utilization of photocatalysts (operating 









In this study, first, a low-energy-consuming photoreactor (10 W) was designed and built. An 
immersed UVC lamp with a protective quartz sleeve was used in an annular stainless steel 
reactor to increase the quantum yield of process. The effect of physically fluorination (F-ZnO) 
and chemically fluorination (Zn(OH)F) of ZnO on the adsorption capacity and photocatalytic 
activity were evaluated. Preliminary experiments were conducted to select the affecting 
parameters and their corresponding ranges for photocatalytic degradation of SMX. Response 
surface methodology (RSM) coupled with central composite design (CCD) was employed to 
evaluate the importance of affecting parameters as well as optimization of process for 
maximizing SMX removal. Under the optimum conditions, the photocatalytic activity of F-ZnO 
was assessed in terms of SMX removal and mineralization, kinetic of reaction and detoxification 
of solution. The energy consumption of process based on electrical energy per order (EEO) was 
calculated and compared with reported values in the literature for SMX removal by using UVC. 
In the next step, Fe3O4-ZnO@g-C3N4 was synthesized with hierarchical structure for facile 
separation of photocatalysts from solution by magnetic force and increasing stability of ZnO 
against photocorrosion. The synthesized Fe3O4-ZnO@g-C3N4 was first optimized by changing 
ZnO:g-C3N4 ratio and the optimum photocatalyst after characterization with several tests was 
used for SMX removal. The effect of operating parameters including, photocatalyst dosage, pH 
of solution and air flowrate on SMX removal was evaluated by using RSM, and the removal 
efficiency, kinetic of reaction, by-products formation and detoxification of solution were 
investigated under the optimum condition. 
Finally, the effect of light type on the removal of AMX was examined by using exfoliated 
magnetic Fe3O4@g-C3N4 as a UV-Visible driven photocatalyst. Similarly, after the synthesis and 
characterization of photocatalyst, its performance was assessed in terms of AMX removal and 
mineralization, by-products formation and detoxification of solution. Based on the evolution of 
intermediates compounds during removal, degradation pathways of SMX and AMX were 





3.1. Experimental setup 
The photocatalytic performance of commercial and synthesized photocatalysts under UV 
light was examined using an annular photoreactor. The photoreactor set-up is illustrated in Figs. 
3.1 and 3.2(a). The photocatalytic experiments were performed in a stainless steel photoreactor 
working in slurry mode with 700 mL volume. The light source was provided by a UVC lamp (9 
W, Trojan Technologies, USA), the intensity of UVC radiation was 3.5 mJ/cm2, measured by a 
radiometer (Trojan Technologies, USA). In all cases, air was continuously bubbled into the 
solution mixture through a sparger located at the bottom of the reactor to achieve sufficient 
agitation and provide dissolved oxygen as the electron acceptor. An external reservoir (300 mL) 
was used to purge the air, and for sampling and further mixing by the stirrer. The pH of solution 
was measured by a Q46 digital pH meter (Analytical Technology, Inc.). At given time intervals, 








Figure 3.2. (a) Photocatalytic set-up under UV light, (b) and visible light. 
 
A 500 W halogen lamp with a UV cutoff filter (>400 nm) was used as the light source in 
visible-driven experiments. Similar to the UV-driven experiments, air was continuously 
introduced into the solution mixture by an air stone diffuser. The distance between the solution 
surface and lamp was 10 cm. Ice bath was used in order to cool down the solution during the 
experiments (Fig. 3.2b).  
3.2. Experimental design  
Conventional experimental design approach by varying one-variable-at-a-time while other 
parameters are held constant involves a large number of experiments and does not consider 
interaction among parameters (Subramonian et al. 2017). As an alternative method, response 
surface methodology (RSM) is a collection of mathematical and statistical techniques useful for 
optimizing processes and evaluating possible interactions between parameters. In this study, 
RSM based on central composite design (CCD) was employed to evaluate the effects of 
independent operating parameters. It is reported that the photocatalyst loading, solution pH and 
dissolved oxygen concentration are among the most effective parameters in the photocatalysis 
process (Lin et al. 2009, Mirzaei et al. 2018a). In addition, in surface fluorination experiments, 
the concentration of fluoride ion in the solution was considered as the forth controlling parameter 




reaction (Liu et al. 2012). With three parameters, the experimental design consisted of twenty 
experiments including six axial, eight factorial and six central points (Fig. 3.3). 
 
Figure 3.3. Central composite design for three operating parameters (Li et al. 2015). 
 
A second-order equation was used to model the interaction between the dependent and 
independent variables (Eq. 3.1) (Hou et al. 2012, Xiao et al. 2017): 
𝑌 = 𝛽0 +∑ 𝛽𝑖𝑥𝑖
𝑛
𝑖=1 + ∑ 𝛽𝑖𝑖𝑥𝑖
2𝑛
𝑖=1 + ∑ 𝛽𝑖𝑗
𝑛
1≤𝑖≤𝑗 𝑥𝑖𝑥𝑗 + 𝜀   (3.1) 
where Y (%) is the SMX removal percent, xi and xj are dependent parameters, β0 is the model 
intercept coefficient; βi, βii and βij are the coefficients of linear, quadratic and second 
order terms, respectively, n is the number of dependent parameters and ɛ is the residual term. 
Regression analysis were performed using Minitab 16 statistical software. Analysis of variance 
(ANOVA) was employed to evaluate the significance and suitability of the predicted model 
(Shayegan et al. 2013). Optimization was carried out on the basis of desirability function in order 
to find the optimum point where the removal efficiency of SMX is maximum at a certain 
reaction time.  
3.3. Chemicals 
Acid orange 7 (AO7), methyl blue (MB), calcium sulfate, sodium chloride, sodium 
carbonate, and sodium nitrate were supplied by Acros Organic Co. (Canada). Zinc acetate, 
ammonium fluoride, urea, ethylene glycol (EG) anhydrous ethanol, potassium iodide, tert-
butanol, and zinc oxide nanoparticles were supplied by Fisher Scientific (ON, Canada). EDTA 
disodium salt and p-benzoquinone (BQ) were purchased from Alfa-Aesar. FeCl3, FeCl2·4H2O, 
Fe3O4 nanoparticles, sulfamethoxazole, ampicillin and amoxicillin were supplied by Sigma-
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Aldrich Inc., USA. Deionized Milli-Q water (DIW) (18 μS cm-1) was used throughout this study 
for the preparation of photocatalysts and during the experiments. 
3.4. Synthesis of photocatalysts 
3.4.1. Surface fluorination of ZnO 
As shown in Fig. 3.4, the surface fluorination of semiconductor can be easily performed by a 
simple ligand exchange reaction between surface hydroxyl groups on semiconductor and fluoride 
ions (F-) under acidic condition (Yu et al. 2009).  
 
Figure 3.4. The possible chemical structures of simple ligand exchange between F- and surface hydroxyl 
groups (Liu et al. 2012). 
 
In post-synthesis fluorination, the effect of surface fluorination largely depends on the 
amount of fluoride ion adsorbed on the surface (Liu et al. 2012). Therefore, the amount of 
fluoride ion in the solution is optimized for the removal of SMX. Although, post-synthesis 
fluorination (addition of fluoride ion directly into the solution at acidic condition) is very 
convenient and effective, the remaining fluoride ion in the solution after the treatment is a matter 
of concern. Consequently, in-situ fluorination or participation of fluoride in the crystallization 
processes of a photocatalyst is also examined by synthesizing zinc hydroxide fluoride 
(Zn(OH)F). 
3.4.2. Zn(OH)F 
The post-synthesis solvothermal method was used to prepare Zn(OH)F sonocatalysts by 
using NH4F as a precursor of fluorine according to the literature with minor modifications (Yang 
et al. 2017b). Briefly, NH4F was dissolved in 150 mL isopropanol and the solution was stirred 
for 30 min at room temperature. Then, ZnO with (F/Zn) molar ratio of 0.5:1, 1:1 and 2:1 was 
added to the above solution. After 1 hour stirring, the solution was transferred into a 200 mL 
Teflon-lined autoclave and was heated to 160 ºC for 16 h. After cooling naturally to room 
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temperature, the sonocatalyst was retrieved, washed and dried at 60 ºC, and was labeled as 
ZF0.5, ZF1 and ZF2, respectively. Fig. 3.5 (a) and (b) shows the crystalline structure of ZnO and 
Zn(OH)F, respectively.  
 
Figure 3.5. (a) crystalline structure of ZnO and (b) Zn(OH)F. black, red, purple and green color represent, zinc, 




The ZnO photocatalyst was synthesized via a facile solvothermal method. Hydrothermal 
synthesis includes crystallization of substances from high-temperature aqueous solutions at high 
vapor pressures. The crystal growth is performed in a Teflon-lined vessel, which is confined by a 
pressure vessel called an autoclave (Fig. 3.6). Solvothermal method is very similar to the 
hydrothermal route, the only difference being that the precursor solution is not water. 
 
 





Hydrothermal technique is generally used for the growth of high quality crystals (Sharma et 
al. 2017a). In a typical experiment, zinc acetate (3.96 g) and urea (3.28 g) were dissolved in 150 
mL of EG and DIW with a volume ratio of 1:1. Afterwards, 39.6 mg Fe3O4 nanoparticles (Fe3O4: 
zinc acetate = 1% wt.) was added to the solution and it was mixed by sonication for 15 min. The 
obtained solution was transferred into a 200 mL Teflon-lined autoclave and was maintained for 
12 h at 160 °C before cooling down naturally to room temperature. The obtained particles were 
collected and washed with ethanol and DIW several times. Then, the grey products were dried at 
60 °C in an oven for 10 h followed by annealing at 500 °C for 2 h in air. The resulted product 
was denoted as Fe-ZnO. The Fe3O4-ZnO@g-C3N4 composites (FZG) were obtained by the in 
situ growth of g-C3N4 on Fe-ZnO petals. Accordingly, a certain amount of urea was completely 
dissolved in 20 mL of ethanol to form a yellowish solution. Then, Fe-ZnO particles were added 
to the solution and were well dispersed by sonication. Afterwards, the solvent was evaporated at 
60°C. The subsequent heating treatment at 500 °C for 2 h transformed the coated urea on the 
nano-petals surface to g-C3N4, resulting in the production of hierarchical magnetic FZG 
structure. The obtained photocatalysts with different initial urea and Fe-ZnO weight ratios of 
0.5:1, 1:1, 2:1 were labeled as FZG0.5, FZG1, FZG2, respectively. The g-C3N4 powder was 
obtained by one-step polymerization of urea according to the literature (Sharma et al. 2017b). 
Briefly, 7 g of urea as the precursor were heated in a muffle furnace at 500 °C for 2 h with a 
heating rate of 10 °C/min under atmospheric air. After cooling to room temperature, the obtained 
yellow color product was collected and ground into powder g-C3N4. The pristine ZnO was 
synthesized with a similar procedure but without the addition of iron and without in situ coating 
with g-C3N4. 
3.4.4. Mesoporous Fe3O4@g-C3N4 
The in situ growth of Fe3O4 nanoparticles on exfoliated porous g-C3N4 nanosheets was used 
in this study. Accordingly, carbon nitride (g-C3N4) was synthesized by heating urea up to 550 ºC 
for 4 h (Sharma et al. 2017b). Fluorinated g-C3N4 nanosheets were prepared by acid-assisted 
exfoliation of g-C3N4 as follows: 2 g g-C3N4 were added into 150 mL DIW containing (4 g) 
NH4F and then transferred into a 200 mL Teflon-lined autoclave and heated to 180 ºC for 12 h. 
After cooling to room temperature, the photocatalyst was retrieved, washed and dried at 60 ºC 
overnight, and was labelled as GF. Magnetic surface fluorinated g-C3N4 (FeGF1) was prepared 
according to (Zhu et al. 2018) with a minor modification. Briefly, GF powder (2 g) was added to 
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150 ml of ethanol/water (v/v=1:1) and was sonicated for 10 min. Then, FeCl2·4H2O (1 mmol) 
and FeCl3 (2 mmol) were added into the solution and were mixed for 30 min at 60 ºC. Afterward, 
15 ml ammonia solution was quickly added to the mixed solution and was continuously stirred 
for 30 min. The prepared particles were separated by magnet and were rinsed several times with 
ethanol and DIW and, then the particles were dried at 60 ºC overnight. The photocatalysts 
prepared by using 2 and 3 mmol FeCl2·4H2O were designated as FeGF2 and FeGF3, 
respectively. Pure Fe3O4 was synthesized using a similar process as FeGF, but in the absence of 
GF. 
3.5. Characterization of photocatalysts 
The crystallinity of as-synthesized samples was characterized using XRD with a Bruker D8 
Advance X-ray diffractometer with Cu Kα radiation (λ=1.5406 Å) in the 2θ range from 10º to 
80º. Fourier Transform Infrared (FTIR) spectroscopy was performed using Thermo Scientific 
Nicolet 6700 spectrometer (USA). An emission scanning electron microscope (Hitachi S-3400N) 
equipped with energy-dispersive spectroscopy (EDS) was used for taking scanning electron 
microscopy (SEM) and elemental mapping. The transmission electron microscopy (TEM) 
images were taken using a Tecnai F20 S/TEM operated at 200 kV. X-ray photoelectron 
spectroscopy (XPS) was used for the characterization of photocatalysts after fluorination using 
Thermo Scientific K-alphaTM spectrometer (USA) equipped with an Al Kα X-ray source (1486.6 
eV, 0.843 nm) and X-ray spot size of 400 μm in diameter. Ultraviolet–visible (UV–vis) 
spectroscopy was performed by a Lambda 750, PerkinElmer (USA) equipped with an integrating 
sphere. The specific surface area of the photocatalysts was measured by BET method (Autosorb-
1, Quantachrome, USA). Photoluminescence spectra were taken by using a spectrofluorimeter, 
Perkin Elmer, LS45, USA. The magnetic properties of samples were measured using a Vibrating 
Sample Magnetometer (VSM, model EV9, ADE Technologies). An atomic absorption 
spectrophotometer (PinAAcle 900F, PerkinElmer, USA) was used for the measurement of iron 
and zinc ions concentration in the solution. The pH at the point of zero charge (pHpzc) of 






3.6. Performance evaluation 
3.6.1. Adsorption capacity 
As mentioned before, most photocatalytic reactions take place on the surface of photocatalyst 
and increase the adsorption capacities of photocatalyst towards contaminants, leading to an 
increase in the overall removal efficiency of the process. Therefore, the evaluation of the effect 
of fluorination on the photocatalysts performance is performed in two steps. In the first step, the 
adsorption capacity of commercial ZnO and in situ fluorinated ZnO (Zn(OH)F) were examined 
and evaluated using dyes as model organic compounds. In the second step, the effect of 
fluorination on photocatalytic performance was examined using AMP as target compound 
(Section 3.6.2).  
The batch adsorption experiments were conducted in 10 mL glass vials using different initial 
concentrations of dyes. The solutions were agitated in a fixed speed rotator for a minimum of 2 h 
at 600 rpm in order to achieve equilibrium at room temperature. Preliminary experiments had 
indicated that the required time for equilibrium was less than 30 minutes for all examined dyes. 
The uptake (qeq) and the removal percentage of dyes by adsorption were calculated according to 




       (3.2) 
where qeq is the equilibrium surface loading (mg/g), C0 and Ceq are the initial and equilibrium 
concentrations of dyes (mg/L), respectively, m is the mass of adsorbent (g), and V is the solution 




× 100       (3.3) 
Among several isotherm models available in the literature, four isotherm models namely, 
Langmuir, Freundlich, the correct form of BET equation for liquid phase (Ebadi et al. 2009) and 
Dubinin–Radushkevich (D–R) isotherms are selected in the present study to correlate the 
adsorption experimental data. The isotherm equations, their parameters and regression analysis 
data for adsorption of dyes are given in Table 4.7. 
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3.6.2. Removal efficiency and reaction kinetics in photocatalysis 
The removal efficiency of antibiotics, COD and TOC at different time intervals were 
determined based on Eq. (3.4): 
𝑅(%) = (1 −
𝑥𝑡
𝑥0
) × 100       (3.4)  
where R (%) is the percentage of antibiotic, COD or TOC removal. xt is the concentration of 
antibiotic (mM or mg/L), COD (mg/L) or TOC (mg/L) at time t and x0 is the initial antibiotic 
concentration or initial COD or TOC value. The concentration of nitrate, nitrite, H2O2 and 
fluoride ion was measured by using nitrate, nitrite and fluoride ion kits supplied by HACH Co. 
USA. The measurements of TOC, COD, nitrate, nitrite and fluoride ion were carried out using 
(HACH DRB/200) and a spectrophotometer (HACH DR/2800). Low range COD and TOC vials 
were used as indicators to evaluate the mineralization of antibiotics. The kinetics of 







        (3.5)  
where C is the concentration of contaminant, kr and K are the reaction rate constant and 
adsorption constant, respectively. At the low contaminant concentration and low adsorption 
amount, the term KC can be neglected and the Langmuir-Hinshelwood equation can be 




= 𝑘𝑡         (3.6) 
However, considering the difference between the total volume (VT) and volume of 
photoreactor (VP) in this study, illumination time is considered in all kinetics calculations (Eq. 
3.7) (Prieto-Rodriguez et al. 2012): 
𝑡𝑖 = 𝑡𝑒 ×
𝑉𝑃
𝑉𝑇
         (3.7) 
were, ti and te are the time of illumination and time of experiment, respectively. 
3.6.3. By-product formation and degradation mechanism 
The measurement of antibiotics concentrations and identification of their transformation 
products (TPs) of SMX, AMP and AMX were conducted by LC-HR-MS/MS method. 
Accordingly, samples were injected (1 μL) onto a Phenomenex Kinetex C18 column (2.1×50 
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mm, 1.7 µm), using a Nexera UHPLC system (Shimadzu, Columbia, MD). The mobile phases 
were (A) water with 0.1% formic acid and (B) acetonitrile with 0.1% formic acid at the flow rate 
of 0.3 mL/min. A linear gradient was used starting with 3% (B), and changing to 85% (B) in 8 
min. The column temperature was 40 °C. The MS and MS/MS spectra were collected on a hybrid 
quadrupole-time-of-flight (QqTOF) TripleTOF 5600 mass spectrometer (SCIEX, Concord, ON, 
Canada) equipped with a DuoSpray ion source in positive ion mode set at 5 kV source voltage, 
450 °C source temperature, and 50 psi for GS1/GS2 gas flows. Data were acquired in IDA 
(information-dependent acquisition) mode, with a survey TOF-MS acquisition from m/z 80-925, 
followed by MS/MS on the 3 most intense ions from m/z 200-450 with dynamic background 
subtraction (DBS) with a total cycle time of 1.0 s. The MS/MS analysis of precursor ions was 
performed at the collision energy of 30±10 V. The data were analyzed qualitatively with 
PeakView v2.2 and quantitatively with MultiQuant v3.02. 
3.6.4. Toxicity assessment 
The antibacterial activity assays of solutions before and after treatments were conducted to 
evaluate the impact of applied processes on the reduction of solution toxicity. In the first method 
(Alsager et al. 2018), petri dishes were prepared by mixing appropriate amounts of nutrient broth 
and agar, followed by boiling the mixture and allowing the formation of gel for at least 1 hour. 
Approximately 50 μL of E. coli (~1×108 CFU/mL) from a stock solution was subsequently 
spread over the surface of the agar. A control experiment was conducted using agar made by 
irradiated water in photocatalytic experiment for 2 h in order to ensure that the observation is due 
to the antibiotic degradation rather than probable leachate of catalyst and/or a change in the 
water chemistry. The treated solutions by different processes sampled at different intervals were 
also used for preparation of agar and assessment of changing the toxicity by examined processes. 
After incubation overnight at 37 °C, the growth of E. coli on prepared agars was compared. 
Agar-well diffusion method was also utilized to visualize the change of toxicity before and 
after the treatment (Gmurek et al. 2015). In this method, after the streaking of agar surface by E. 
coli, a few holes with the diameter of ∼5 mm were punched into the agar and 50 μL of solution 
was introduced into the wells. The petri dishes were placed in incubator at 37 °C overnight to 
promote the formation of inhibition zone around the wells. 
41 
 
A commercial toxicity test kit (Toxtrac™, HACH, USA) was also utilized to quantitatively 
assess the toxicity in the term of percentage inhibition (PI) of samples according to the 
manufacturer's protocol. Toxtrac™ is a colorimeteric method for toxicity assessment. In this 
method resazurin, which is a redox-active dye, changes from pink to blue when it is reduced. 
Bacterial respiration occurring in the sample reduces resazurin. If toxic substances are present, 
they inhibit the rate of resazurin reduction. The sample color is compared to a toxin-free control 
tube to determine how toxic the sample is to a culture of E. coli. The inhibition of E. coli strain 
was calculated by Eq. (3.8) (Gmurek et al. 2015): 
% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = (1 −
∆𝐴𝑠𝑎𝑚𝑝𝑙𝑒
∆𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
) × 100      (3.8) 
where: ΔA = (initial absorbance value)-(final absorbance value) at 603 nm. 
3.6.5. Durability and stability of photocatalysts 
The long-term stability of photocatalyst is one of the most important parameters that governs 
their utilization in water treatment processes (Kovacic et al. 2017). In order to evaluate the 
stability of photocatalysts, consecutive experiments were carried out under optimum operating 
conditions and the photocatalytic performance was compared in the repeated experiments. The 
decrease of photocatalytic activity of ZnO-based photocatalysts resulted from the photocorrosion 
phenomenon, as reported before (Mirzaei et al. 2016, Zou et al. 2017a). Photocorrosion consists 
of the release of Zn2+ and the collapse and deactivation of the ZnO structure under UV 
irradiation due to the self-oxidation of photocatalytic (Eq. 3.9) (Vu et al. 2013): 
𝑍𝑛𝑂 + 2ℎ+ → 𝑍𝑛2+ + 0.5 𝑂2       (3.9) 
In this study, the concentration of zinc, iron and fluoride ions in filtrates of the experiments at 
different time intervals was measured as an indicator of photocatalysts stability.  
3.6.6. Energy consumption 
The process optimization in order to minimize the operation cost for industrial wastewater 
treatment processes is crucial in AOPs. Thus, electrical energy per order (EEO), which is 
approved by the Photochemistry Commission of the International Union of Pure and Applied 
Chemistry (IUPAC) (Cater et al. 2000), as a figures-of-merit for AOPs is used in this study as a 
criteria to evaluate and compare the efficiency of contaminant removal based on energy 









        (3.10) 
where P is the power to drive the UV lamp(s) (kW), t is the irradiation time (min), V is the 
volume of the water in the reactor (L), Ci and Cf are the initial and final concentrations of 
contaminants. EEO is defined as the amount of kilowatt hours of electrical energy needed to 
decrease the concentration of a contaminant by one order of magnitude (90 %) in one m3 of 




















4. Results and Discussion 
4.1. Photocatalytic degradation of SMX by surface fluorinated ZnO 
4.1.1. Experimental condition 
The experimental setup is described in section (3.1). The solution pH was adjusted at the 
required value by 0.1 N HCl or 0.1 N NaOH. Before illumination, the solutions were circulated 
for 30 min in the dark to reach adsorption/desorption equilibrium between photocatalysts, SMX 
and fluoride ions. At given time intervals, a 10 mL sample of the solution was withdrawn from 
the reactor for the ensuing analyses. The corresponding range of independent parameters 
including catalysts dosage, pH of solution, airflow rate and fluoride ion concentration, were 
determined based on the preliminary experiments, as presented in Table 4.1. 
 
Table 4.1. Actual and coded levels of the independent parameters of the experimental design for SMX removal by 
using F-ZnO 
Factors Symbol 
Real values of coded levels 
-α (-2) -1 0 +1 +α (+2) 
Catalyst dosage (g/L) X1 0.3 0.6 0.9 1.2 1.5 
pH of solution X2 1 3 5 7 9 
Airflow rate (L/min) X3 0.5 1 1.5 2 2.5 
Concentration of NH4F (mM) X4 0 1 2 3 4 
 
4.1.2. Results and discussion of photocatalytic removal of SMX by fluorinated ZnO  
4.1.2.1. Analysis of CCD 
Based on the experimental results presented in Table 4.2, a polynomial function was found to 
adequately represent the response, predicting the percentage of SMX removal (R) at the 
examined levels of selected parameters. Eq. (4.1) expresses the relative importance of each 
parameter as well as their interaction. 




2 − 0.33(𝑋1 × 𝑋2) +
0.65(𝑋1 × 𝑋3) + 1.73(𝑋1 × 𝑋4) + 0.45(𝑋2 × 𝑋3) − 0.1(𝑋2 × 𝑋4) + 0.69(𝑋3 × 𝑋4)   (4.1) 
The analysis of variance (ANOVA) was carried out and details are provided in Table .4 3. 
The P-value of the model, which was <0.0001, and the F-value of 35.21 confirmed that the 
model was highly significant, which is supported by the good agreement between the predicted 
values and observed results in Fig. 4.1 and Table 4.3. The polynomial equation fitted the 
44 
 
experimental results within a 98.01% confidence interval, which is in good agreement with the 
adjusted R2 (95.25%). Fig. 4.1 shows the goodness of fit between the predicted and observed 
values where the line of the best fit with R2 = 0.9814 was obtained, further confirming the 
reliability of model. The F-value and P-value were used to determine the significance of each 
term. The smaller P-value and higher F-value for each term indicate the significance of its 
corresponding coefficient and the higher contribution towards the response variable (Shayegan et 
al. 2013).  
 
Table 4.2. Four factors experimental design and observed and predicted values for the central composite design. 
Run 
levels of variables 
Response 
(% removal of SMX) 
Residual 
 
X1 X2 X3 X4 Robserved Rpredicted 
1 1.2 7 2.0 1 90.50 89.97 0.53 
2 0.6 3 1.0 1 90.44 89.61 0.83 
3 0.6 3 2.0 3 88.16 87.85 0.32 
4 0.6 3 2.0 1 88.55 88.38 0.17 
5 0.3 5 1.5 2 86.60 86.92 -0.32 
6 0.9 5 1.5 4 84.97 85.66 -0.69 
7 0.9 1 1.5 2 86.00 86.67 -0.67 
8 0.9 5 1.5 2 92.00 92.00 0 
9 1.5 5 1.5 2 92.59 92.99 -0.40 
10 1.2 3 2.0 3 93.23 92.51 0.72 
11 0.6 7 1.0 3 85.68 84.86 0.82 
12 0.9 5 1.5 2 92.06 92.00 -0.06 
13 1.2 3 2.0 1 90.67 90.98 -0.31 
14 1.2 7 1.0 1 89.22 89.02 0.20 
15 0.9 5 1.5 2 92.03 92.00 -0.03 
16 0.6 7 2.0 3 86.99 86.79 0.20 
17 1.2 3 1.0 1 91.82 91.81 0.01 
18 0.9 5 1.5 0 86.84 86.87 -0.032 
19 0.9 5 1.5 2 91.81 92.00 0.19 
20 0.9 9 1.5 2 82.78 82.83 -0.047 
21 0.6 7 1.0 1 87.09 87.61 -0.52 
22 0.6 7 2.0 1 88.03 88.17 -0.14 
23 1.2 3 1.0 3 92.62 91.97 0.65 
24 0.9 5 1.5 2 91.67 92.00 0.33 
25 0.9 5 2.5 2 95.91 96.14 -0.23 
26 0.6 3 1.0 3 87.36 87.69 -0.33 
27 0.9 5 1.5 2 92.17 92.00 -0.17 
28 1.2 7 2.0 3 90.35 90.67 -0.32 
29 1.2 7 1.0 3 88.37 88.34 0.031 





Figure 4.1. Correlation between the experimental and predicted photodegradation efficiencies 
of SMX. 
 
Table 4.3. Analysis of variances (ANOVA) for SMX removal. 






Model 239.908 14 17.14 35.21 <0.0001 
Linear factors 81.581 4 20.39 41.91 <0.0001 
Quadratic 
factors 
147.470 4 36.87 75.75 <0.0001 
Interaction 
factors 
10.857 6 1.81 3.72 0.033 
Residuals 4.867 10 0.4867 -- -- 
Total 244.775 24 -- -- -- 
R2=98.01%, adj- R2=95.23% 
 
In order to evaluate the importance of factors in Eq. (4.1), the Pareto equation is used and the 
percentage effect of each parameter on the removal of SMX was calculated according to the 





2) × 100       (4.2) 
where Pi is the percentage effect of each variable and ai represents statistically significant 
coefficients in Eq. (4.1). The result of the Pareto graphic analysis is illustrated in Fig. 4.2. As 
shown in the figure, the most important parameters for the photodegradation of SMX were 




























Figure 4.2. Pareto graphic analysis for the photodegradation efficiency of SMX. 
 
4.1.2.2. Effect of operating parameters on removal efficiency of SMX 
The 3D response surface and contour plots were used to illustrate the effects of independent 




















































































































































Figure 4.3. The response surface (A) and contour plots (B) of photocatalytic removal efficiency of SMX as the 
function of pH of solution and concentration of NH4F (mM); the response surface (C) and contour plots (D) of 
photocatalytic removal efficiency of SMX as the function of catalyst dosage (g/L) and air flow rate (L/min); 
(reaction time = 30 min, temperature= 21 °C). 
 
Effect of photocatalyst dosage 
The heterogeneous photocatalytic degradation usually increases with the photocatalyst 
concentration towards a limit at high catalyst concentrations (Prieto-Rodriguez et al. 2012). From 
Figs. 4.3C and 4.3D, the positive effect of increasing the photocatalyst dosage on the percentage 
of SMX degradation is clearly indicated. The addition of photocatalyst enhanced the removal 
efficiencies of SMX and COD. This could be attributed to the higher generation of ROS on 
active surface sites of the photocatalyst (Ding et al. 2013). As illustrated in Fig. 4.6, the addition 
of optimum concentration of photocatalyst also increased the COD removal from 4.8%, obtained 
by photolysis, to 85% by photocatalysis after 90 min of reaction. However, at concentrations 
higher than the optimum value (1.48 g/L), the increase in removal efficiency demonstrated a 
slower rate. This was caused by the increase in turbidity and the ensuing scattering phenomena 
which reduced the UV light penetration into the suspension (Abellán et al. 2009, Elmolla and 
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Chaudhuri 2010b). In addition, the SMX molecules and the catalyst particles compete for the 
photons emitting from the UV lamp.  
 
Effect of solution pH 
The pH of solution plays an important role in the degradation and mineralization of 
contaminants in photocatalytic processes (Elmolla and Chaudhuri 2010b, Mirzaei et al. 2016). 
Generally, photocatalytic degradation efficiency improves by increasing the pH of solution 
(Mirzaei et al. 2016). This is due to the availability of higher amounts of hydroxyl ions at basic 
condition as the main precursor of OH⦁ radical by reacting with the photo-generated holes. 
However, the removal of SMX was shown to be more efficient under acidic conditions and at an 
optimum pH of 4.8 (Fig. 4.3A) since surface fluorination of photocatalysts can be carried out in 
acidic media (Liu et al. 2012, Park and Choi 2004). Therefore, a trade-off should be found 
between these two competitive parameters. In addition, in very acidic solutions, ZnO will 
dissolve as zinc ions, which will reduce the photocatalyst active sites and the efficiency of 
removal. When the solution pH was equal to 1 (run 7, Table 4.2), the photocatalyst particles were 
totally dissolved and the reaction proceeded as direct photolysis. Since the pH of solution affects 
the extent and efficiency of surface fluorination, the ionization potential of SMX as well as the 
photocatalyst surface properties and homogenous reactions, it is difficult to evaluate the effect of 
pH and the exact contribution of each phenomenon.  
 
Effect of fluoride ion concentration 
As seen from Figs. 4.3A and 4.3B, the addition of NH4F as the surface modifier had a 
positive impact on the removal of SMX, up to the optimum concentration (2.505 mM). It has 
been shown that the surface charge separation and transfer, production of active radical species, 
and the resulting surface photocatalytic reaction mechanisms and kinetics can be altered by 
surface fluorination of photocatalysts (Liu et al. 2012). In addition, surface fluorination leads to 
the production of unbound hydroxyl radicals, instead of attached surface radicals. Photo-
generated short-living OH⦁ radicals which are attached to the surface of photocatalyst would be 
transformed to inactive OH functional groups on the surface of photocatalysts (Liu et al. 2010). 
Considering that the redox potential of free hydroxyl radicals (2.3 eV vs NHE) is larger than that 
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of bound hydroxyl radicals, (~1.5–1.7 eV vs NHE) (Xu et al. 2007), it is expected that surface 
fluorination enhances the efficiency of SMX removal and mineralization. Moreover, the 
presence of fluoride ions as the most electronegative element on the surface of photocatalyst 
causes a stronger electron storage capacity compared to the pristine ZnO, thus inhibits charge 
recombination and enhances free OH⦁ radicals generation (Liu et al. 2012). However, the 
presence of fluoride ions at higher than the optimum concentration (2.505 mM), led to the 
reduction in SMX removal. This was probably due to the reduction of 𝑂2
−°species as a result of 
hindering electron separation and transfer on the surface of ZnO. The effect of 𝑂2
−°radicals on the 
photodegradation efficiency is discussed in the following section. 
 
Effect of airflow rate 
Aeration improves the mixing of solution in the photoreactor and reduces mass transfer 
limitations, while providing oxygen as the electron acceptor to separate the photo-generated 
electron/holes and produce 𝑂2
−⦁ species which can promote the degradation of organic 
contaminants (Ding et al. 2013). Moreover, a linear dependence between dissolved oxygen 
concentration and hydroxyl radical  generation has been reported (Abellán et al. 2007, Wang and 
Hong 2000). Without an electron acceptor such as oxygen molecules, the photo-generated 
electron/ hole pairs will recombine rapidly (Wang and Hong 2000). In addition, the importance 
of 𝑂2
−⦁species in the mineralization of organic contaminants has been reported (Ryu et al. 2017). 
As illustrated in Fig. 4.2, the airflow rate (X3) was the most significant parameter and had the 
highest impact on the removal of SMX. Wang et al. (2007) demonstrated that beside the 
conventional electron-scavenging effect, dissolved O2 played a critical role in the degradation of 
produced intermediates. As shown in Fig. 4.3, the removal efficiency of SMX was reduced until 
a critical point and then it was enhanced and there was a minimal point about 1.5 L/min of 
airflow rate. This is because the increase of airflow rate may decrease the removal efficiency due 
to the scattering of light by smooth surface of bubbles and shielding effects, which hinder the 
removal of SMX via photolysis and photocatalysis. Therefore, a trade-off should be made 
between providing dissolved oxygen and scattering effect in order to achieve high SMX removal. 




4.1.2.3. Determination of optimal conditions 
The main objectives of process optimization were to determine the optimum values of 
operating and process parameters for the photocatalytic removal of SMX and to further evaluate 
the mechanism of photocatalytic reactions under optimum conditions. For this purpose, the 
desired objective in term of the removal efficiency of SMX was defined as ‘‘maximize’’ to 
achieve the highest removal percentage after 30 min of reaction. The obtained optimum values 
are listed in Table 4.4. To validate that the model was satisfactory for predicting the maximum 
photodegradation of SMX, an additional experiment was conducted at the optimum condition. 
As presented in Table 4.4, the obtained SMX removal percentage (95.76%) was close to the 
predicted value (96.23%), which indicates that RSM is a useful mathematical tool for modeling 
and optimization of SMX photocatalytic removal process. Therefore, the optimum values 
estimated by the RSM were selected for use in the ensuing experiments. 
 
Table 4.4. Optimum operating conditions of the parameters of process. 
Parameter Optimum values 
Catalyst dosage (g/L) (X1) 1.48 
pH of solution (X2) 4.72 
Airflow rate (L/min) (X3) 2.5 
Concentration of NH4F (mM) (X4) 2.505 
Predicted SMX removal (%) after 30 min 96.23 
Experimental SMX removal (%) after 30 min 95.76 
 
 
4.1.2.4. Mechanism of SMX removal reaction 
As shown in Fig. 4.4, the adsorption of SMX on the surface of photocatalysts was very low. 
Therefore, the photosensitization mechanism is unlikely to occur since it would require efficient 
adsorption of contaminants on the surface of photocatalysts and electron transfer from the 
excited SMX molecule to the conduction band of photocatalysts (Liu et al. 2010). The low 
adsorption of SMX on the surface of other photocatalysts such as TiO2 has also been reported 
before (Nasuhoglu et al. 2011). Surface fluorination slightly enhanced the adsorption capacity of 
ZnO. The presence of KI as the scavenger of hole and hydroxyl radical totally hindered the 
adsorption of SMX on the photocatalyst. This occurred because the concentration of KI was 20 
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times higher than SMX, hence the iodide ions in the solution could compete with the SMX 
molecules for adsorption on the surface of photocatalyst. In addition, a considerable removal of 
SMX was observed by direct photolysis in the absence of photocatalyst. This happened because 
SMX can absorb UV light up to 310 nm (maximum absorption at 263 nm) (Abellán et al. 2007), 
which is close to the wavelength of the examined UVC lamp (254 nm). The high removal of 
SMX by photolysis under UVC irradiation has been reported before (Kim and Kan 2016, 
Nasuhoglu et al. 2011). After a short reaction time of photolysis, the color of solution changed to 
brownish which indicated the formation of intermediate compounds. Under these conditions, 
only 4.8% COD removal was obtained after 90 minutes of reaction. This means that in contrast 
to SMX that was shown to be prone to photolysis, photo-induced intermediates were not 
susceptible to photolysis. Under optimum conditions, 95.76% SMX removal was achieved after 
30 min reaction, which is higher than the efficiencies obtained with bare ZnO (82%) and with 
TiO2 (P25) with 79%. This is due to the higher amount of photo-generated OH⦁ radicals and 
adsorption capacity of F-ZnO compared to bare ZnO and P25. To evaluate the role of OH⦁ 
radicals in the removal of SMX, the photocatalytic reaction was carried out in the presence of 20 
mM tert-butanol (TBA), a well-known OH⦁ radical scavenger. As illustrated in Fig. 4.4, the 
addition of TBA as the hydroxyl radical scavenger resulted in a significant decrease in the 
degradation rate of SMX removal by ZnO. This further confirmed the role of OH⦁ radicals in the 
degradation of SMX. Długosz et al. (2015) also emphasized the role of hydroxyl radicals 
formation in the photocatalytic degradation of SMX. The reduction of SMX removal efficiency 
in the presence of TBA was more evident for F-ZnO in comparison with bare ZnO. Since TBA 
can selectively scavenge hydroxyl radicals, the higher difference between removal efficiency in 
the absence and presence of TBA for UV/F-ZnO, compared to UV/ZnO process, further 
confirmed the higher contributions of hydroxyl radicals in the F-ZnO process. The addition of 
KI, which acts as both h+ and OH⦁ scavenger, considerably hindered the removal of SMX, which 
was even lower than the removal obtained by photolysis. However, this reduction was more 
evident in the case of F-ZnO system due to the generation of additional OH⦁ radicals as well as a 
higher contribution of holes in this system. The higher contribution of holes in the presence of 
fluoride ions is result of holding of photo-induced electrons on the surface by fluorine as the 
most electronegative element, which has been reported before (Ryu et al. 2017). However, due to 
the electronegativity of fluoride ions on the surface of ZnO, the production of 𝑂2
−⦁ is reduced. 
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Therefore, the addition of KI in the F-ZnO process not only scavenged both radicals and holes, 
but also due to the presence of photocatalyst particles and the ensuing scattering effect, it 
reduced the efficiency of SMX removal below the efficiency observed by direct photolysis. In 
summary, the surface fluorination is an effective method to increase hydroxyl radical production, 
but it decreases 𝑂2
−⦁ generation. Considering the fact that OH⦁ radicals are more powerful than 
𝑂2
−⦁ radicals (2.69 eV vs. NHE and -0.33 eV vs. NHE, respectively) (Li et al. 2016), the 
efficiency of SMX removal was increased by surface fluorination. However, the reduction of 
SMX efficiency at high concentrations of NH4F (beyond the optimum value) revealed that the 
generation of 𝑂2
−⦁ radicals is somewhat essential. It is reported that some produced intermediates 
will undergo reduction reactions by 𝑂2
−⦁ species, which will be used in the reaction as a main 
reductant species (Ryu et al. 2017). 
 
 
Figure 4.4. Variation of SMX dimensionless concentration with time in the presence and absence of scavengers; 
[SMX]0 = 1 mM, [catalysts]= 1.487 g/L, pH= 4.8, airflow rate= 2.5 L/min, ([F-] =2.505 mM for F-ZnO), 
















Figure 4.5 Time evolution of hydrogen peroxide concentration formed during the photocatalytic oxidation of 
sulfamethoxazole by ZnO and F-ZnO, [SMX]0 = 1 mM, [catalysts]= 1.487 g/L, pH= 4.8, airflow rate= 2.5 L/min, 
([F-] =2.505 mM for F-ZnO), temperature= 21 °C. 
 
The photo-generated H2O2 concentration during the photodegradation experiments was 
monitored by titration method. Hydrogen peroxide can directly participate in the oxidation of 
contaminants or it will produce extra hydroxyl radicals. Fig. 4.5 illustrates the concentration 
profile of H2O2 produced during SMX photodegradation by bare ZnO and by F–ZnO at the 
optimum condition. While the photocatalytic removal of SMX and COD by F–ZnO were higher 
than that of bare ZnO, H2O2 concentration during the photodegradation by F–ZnO was lower, 
possibly due to the hindering interfacial electron transfer to dissolved oxygen which is required 
for H2O2 generation based on Eq. (4.3) (Kim et al. 2018). 
𝑂2 + 2𝐻
+ + 2𝑒− → 𝐻2𝑂2       (4.3) 
The maximum concentration of H2O2 produced during the photocatalytic process by F-ZnO was 
about three times lower than that obtained with bare ZnO. 
4.1.2.5. COD removal 
Chemical oxygen demand is an important water quality parameter since, it provides an index 
to evaluate the effect discharged wastewater will have on the receiving water bodies. Higher 
COD levels mean a greater amount of oxidizable organic compounds in the effluent, which will 
reduce dissolved oxygen (DO) levels. A reduction in DO can lead to anaerobic conditions, which 
is deleterious to higher aquatic life forms. Changed in COD also has been considered as an 
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indicator of the extent of mineralization in some studies (Kim and Kan 2016, Nasuhoglu et al. 
2011). The persistence of SMX and intermediates in the solution was evaluated by conducting 
experiments for 90 minutes using photolytic and photocatalytic processes under the optimum 
operating conditions. According to Fig. 4.6, the mineralization of SMX required a considerably 
longer reaction time than its degradation. Approximately 85% of the initial COD was removed 
by F-ZnO; however only 4.8% COD removal was achieved for photolysis even after 90 min of 
irradiation. It is concluded that, although SMX can be partially degraded by photolysis, the 
degradation of intermediates that were generated by the photolytic reaction is more difficult. The 
COD removal efficiencies were improved when F-ZnO was used at the optimum condition at 
three considered time intervals compared to bare ZnO and TiO2 Degussa P25. 
 
Figure 4.6. COD removal by photolysis, and photocatalysis by using ZnO, F-ZnO and TiO2 Degussa P25 after 20, 
60 and 90 min; [SMX]0 = 1 mM, [catalysts]= 1.487 g/L, pH= 4.8, airflow rate= 2.5 L/min, ([F-] =2.505 mM for F-
ZnO), temperature= 21 °C. 
 
4.1.2.6. Kinetics of reaction 
In order to study the kinetics of photocatalytic degradation of SMX removal, experiments 
were conducted under the optimum operating conditions and initial SMX concentration of 1mM. 
As shown in Fig. 4.7, the kinetics of SMX removal photocatalytic degradation was also 






















































Figure 4.7. Pseudo-first-order reaction rate of and first order initial rate constant of SMX removal; 
[SMX]0 = 1 mM, [catalysts]= 1.487 g/L, pH= 4.8, airflow rate= 2.5 L/min, ([F
-] =2.505 mM for F-ZnO), 
temperature= 20 °C, inset: reaction rate constants. 
 
The photocatalytic removal rate of SMX was relatively high during the first 30 minutes of 
reaction, but the reaction rate decreased as the reactions proceeded. This could be related to the 
formation of intermediates and ionic species such as 𝑆𝑂4
2−during the reaction which can compete 
with SMX, either for adsorption on the photocatalyst, absorption of available UV light and/or 
reaction by ROS (Abellán et al. 2007, Abellán et al. 2009, Ding et al. 2013). The highest rate 
constant (0.099 min-1) for the degradation of SMX was achieved by F-ZnO, followed by bare 
ZnO (0.058 min-1) and TiO2 Degussa P25 (0.048 min
-1), respectively. 
4.1.2.7. Stability of photocatalyst 
The long-term stability of photocatalysts is one of the most important parameters that 
governs their utilization in water treatment processes (Kovacic et al. 2017). In order to evaluate 
the stability of photocatalysts, recycled experiments for photocatalytic degradation of SMX were 
carried out under the optimum operating conditions. As illustrated in Fig. 4.8A, at the first cycle, 
the removal efficiency of SMX by F-ZnO was higher than that of ZnO and P25. However, a 
sharp drop in SMX removal efficiency was shown after the first cycle. After four cycles, the 
efficiency of F-ZnO for the removal of SMX was lower than bare ZnO and P25. The SMX 
removal was reduced from 82% to 60% after four cycles by bare ZnO, while by using F-ZnO the 
efficiency drop was more obvious and declined from 95% to 55%. It should be noted that P25 
displayed a relatively lower photocatalytic activity compared to bare ZnO and F-ZnO at the first 
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cycle. However, the results showed that its performance in long-term stability is better than ZnO-
based photocatalysts. The substantial decrease of photocatalytic activity of ZnO-based 
photocatalysts resulted from the photocorrosion phenomenon, as reported before (Mirzaei et al. 
2016, Zou et al. 2017a). It is known that the photocorrosion of photocatalyst (Eq. 3.9) and 
photocatalytic reactions are two competitive processes (Zhao et al. 2017).  
 
 
Figure 4.8. (A) Cycling photocatalytic tests by using F-ZnO, ZnO and TiO2 (P25), [SMX]0 = 1 mM, [catalysts]= 
1.487 g/L, pH= 4.8, airflow rate= 2.5 L/min, ([NH4F] =2.505 mM for F-ZnO), temperature= 20 °C; (B) Release of 
Zn2+ ions into the solution in the presence of fluoride ions in various concentration. 
 
Fig. 4.8B shows that the amount of Zn2+ released into the solution by photocorrosion is 
proportional to the concentration of fluoride ion in the solution. Based on the Eq. (3.9), the 
photo-induced h+ could be the main reason for the photocorrosion of ZnO (Ma et al. 2017). The 
































































availability of photo-induced h+ by holding of electrons on the surface. The higher availability of 
holes and their contribution to the reaction leads to the self-corrosion of ZnO, release of Zn2+ and 
reductions in the photocatalytic efficiency in consecutive runs. It should be emphasized that 
despite the higher efficiency of F-ZnO for the removal of SMX and COD and the higher rate of 
degradation, the results indicated a negative effect of surface fluorination on the photostabilty of 
ZnO photocatalyst. 
4.1.2.8. Energy consumption 
The high-energy consumption of AOP is the main obstacle to the utilization of photocatalytic 
process in water and wastewater treatment plants. The process economic is often the dominant 
factor in selecting an advanced oxidation process (Saien et al. 2014). Photocatalytic degradation 
of aqueous organic contaminants is an electric-energy-intensive process, and the electric energy 
represents the major fraction of the operating costs. The electrical energy per order (EEO) (Eq. 
3.10), is used in this study as a criteria to evaluate and compare the removal efficiency based on 
energy consumption. As presented in Table 4.5, the electrical energy required in the process 
developed in this study is lower than that reported in most previous studies of photocatalytic 
degradation of SMX. Table 4.5, lists a high diverse range of energy consumption for SMX 
removal by photocatalysis process under UV irradiation. The main reasons for the low energy 
consumption in this study could be summarized as follow: (i) enhancing the removal efficiency 
and removal rate by slowing down the recombination rate and increasing the hydrophobicity of 
photocatalyst, which led to the promotion of hydroxyl radical generation and oxidation of SMX, 
(ii) utilizing low energy consuming UVC lamp, which had a substantial overlap with maximum 
absorption wavelength of SMX and led to the photolysis of SMX in addition to photocatalytic 
oxidation, (iii) using a annular narrow photoreactor which led to utilizing all emitted radiation 
and increasing the quantum yield. Based on Eq. (3.10), the energy consumption of process 
depends on the rate of reaction. In addition, different parameters such as the mixing efficiency 
and mass transfer limitations, type and concentration of photocatalyst, pH and temperature of 
solution, geometry of reactor etc. can considerably affect the reaction rate and consequently the 
energy consumption (Friedmann et al. 2010). Therefore, in order to reduce the energy 
consumption of process and promote the feasibility of photocatalytic process, the above-
mentioned parameters should all be taken into consideration.  
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Table 4.5. Comparison of energy consumption for removal of SMX by photocatalytic removal under UV irradiation 
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4.1.2.9. Toxicity assessment 
During the degradation of antibiotics, many intermediate compounds are formed that may be 
more toxic than the parent compounds. Therefore, total mineralization or at least their 
transformation into non-toxic compounds should be considered in addition to the removal of 
parent antibiotics contaminant (Mirzaei et al. 2017b, Nasuhoglu et al. 2011, Ryu et al. 2017). 
Fig. 4.10 shows the percentage inhibition (PI) of solution by ZnO, F-ZnO and TiO2 (P25) at two 
reaction intervals. The results showed a high inhibition percentage of SMX solution towards E. 
coli before the photocatalytic degradation. The results obtained after 15 minutes of reaction 
indicated that the oxidation of SMX led to the generation of intermediates which showed some 
degree of toxicity (PI >10%), although lower than the initial samples. After 30 minutes of 
reaction, the toxicity of solutions treated by all photocatalysts fell within the non-toxic range, 
which demonstrated the effectiveness of photocatalytic degradation in the reduction of toxicity. 
It should be noted that the reduction in toxicity towards E. coli by F-ZnO was obtained at a 
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shorter time compared to ZnO and TiO2 (P25). F-ZnO was the most appropriate process to 
reduce the toxicity or even eliminate it. This is due to the generation of more OH⦁ radicals by F-
ZnO and ring cleavage of SMX and intermediates by hydroxyl radical oxidation mechanism.  
 
 
Figure 4.9. Changes in toxicities (as measured by inhibition to E. coli bacteria) before treatment and after different 
stages of photocatalytic degradation of SMX by different photocatalysts. 
 
The magnified images of cultured plates with the zone of inhibition for the E. coli strain is 
presented in Fig. 4.10. An untreated sample of SMX was added to the well at the right side of the 
picture, while the treated solution by F-ZnO after 30 min reaction was added to the well at the 
left side of the picture. The zone of inhibition around the untreated sample and the growth of 
bacterial colonies around the treated sample further confirmed the non-toxic characteristics of the 
treated solution.  
 
Figure 4.10. The growth inhibition zone of E. coli bacteria against the SMX (right) and after 30 min treatment (left). 
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4.1.3. Conclusions and remarks related to the photocatalytic degradation of SMX 
by surface fluorinated ZnO 
The photocatalytic degradation of sulfamethoxazole (SMX) by ZnO in the presence of 
fluoride ions (F-ZnO) was evaluated. The effects of operating parameters on the efficiency of 
SMX removal were investigated by using RSM. Under the optimum condition, i.e. photocatalyst 
dosage =1.48 g/L, pH 4.7, airflow rate = 2.5 L/min and the concentration of fluoride ions = 2.505 
mM, about 97% SMX removal was achieved by F-ZnO after 30 min of reaction. The mechanism 
of reactions, COD removal efficiency and reaction kinetics were also investigated under 
optimum operating conditions. In addition, about 85% COD reduction was obtained after 90 min 
photocatalytic reaction. The pseudo-first-order kinetics rate constants for the photodegradation of 
SMX were found to be 0.099, 0.058 and 0.048 min-1 by F-ZnO, ZnO and TiO2 (P25), 
respectively. The figure-of-merit electrical energy per order (EEO) was used for estimating the 
electrical energy efficiency, which was shown to be considerably lower than the energy 
consumption for the reported research on removal of SMX by photocatalytic degradation under 
UV irradiation. Toxicity assays were conducted by measuring the inhibition percentage (PI) 
towards E. coli bacteria strain and by agar well diffusion method. The results showed that after 
30 minutes of reaction, the toxicity of the treated solutions by all photocatalysts fell within the 
non-toxic range; however, the reduction in toxicity by F-ZnO was faster than those by ZnO and 
P25.  
Despite the positive effects of surface fluorination of ZnO on the SMX and COD removal 
and reaction kinetics, its lower stability compared to ZnO and P25 in the repeated experiments 
gave rise to some doubts about its performance from a practical point of view. Moreover, as 
mentioned in Section 3.4.1, the remaining fluoride ion in the solution after treatment should be 
taken into the account. In the following sections, in situ fluorination of ZnO and its performance 
in the adsorption of organic contaminants and photocatalysis process were investigated.  
4.2. Adsorption behavior of ZnO and Zn(OH)F 
4.2.1. Experimental condition 
Equilibrium adsorption experiments were performed at 20±1 °C under batch conditions. For 
single-component adsorption experiments, 25 mg of absorbent were added to 5 ml of freshly 
prepared dye solutions in the range of 25-250 mg/L at natural pH of solution (pH 6.5). To assure 
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the reproducibility of the data, all the isotherm experiments were repeated in triplicate and 
average values were reported. Eq. (3.2) and Eq. (3.3) were used to evaluate the adsorption 
capacity and removal percentage during the adsorption, respectively.  
4.2.2. Results and discussion 
4.2.2.1. Characterization of adsorbent/catalyst 
SEM was used to evaluate the surface morphology of the bare ZnO and ZF1. Fig. 4.11(a–c) 
show the SEM images of the bare ZnO particles at different magnifications. Fig. 4.11(d-f) 
illustrate that the ZF1 particles formed a hierarchical structure during the solvothermal process. 
Fig. 4.11(f) reveals that some needle-like catalysts, possibly Zn(OH)F, are attached on the 
surfaces of ZnO microparticles. EDS mapping images of ZF1 are presented in Fig. 4.11(g) where 
the Zn, O and F elements are clearly detected, confirming that fluorine has been embedded 




Figure 4.11. SEM images of (a-c) ZnO and (d-f) Zn(OH)F at different magnifications; (g) elemental mapping of 
Zn(OH)F. 
 
a b c 




Fig. 4.12(a) shows the XRD patterns of ZnO and ZF1. The pure ZnO with sharp peaks is in 
good agreement with the hexagonal wurtzite ZnO structure (JCPDS: 65-3411) (Mirzaei et al. 
2018a). In the ZF1 XRD pattern, beside the peaks of Zn(OH)F (JCPDS: 74-1816) (Yang et al. 
2017b), the peaks corresponding to the ZnO phase are also presented in the XRD pattern. This 
happens because, during the solvothermal process, the Zn(OH)F nuclei grow and assemble on 
the ZnO particles in a self-assembly process (Yang et al. 2017b). Fig. 4.12(b) illustrates the FT-
IR spectra of the ZnO and ZF1 samples. The peak at 798 cm-1 is attributed to Zn-F vibration 
(Sangari et al. 2015). The spectrum of both samples is relatively similar. However, the band at 
1510 cm-1, which is associated with the combination of the symmetric and asymmetric stretching 
modes of H2O molecules adsorbed on the surface (Castañeda et al. 2016), was slightly larger for 
ZF1. The vibration of surface –OH groups assigned at 3200-3600 cm-1 was also slightly 
increased as a result of the enhancement of surface acidity in the presence of fluorine element 
(Chen et al. 2009). Nitrogen adsorption–desorption isotherm for ZnO and ZF1 are provided in 
Fig. 4.12(c). Both isotherms are identified as type IV, which correspond to the mesoporous 
materials. The specific surface area of ZF1 is about 38.23 m2/g, which is lower than that of ZnO 
powder with a BET surface area of 58.6 m2/g. The reduction in specific surface area of ZnO after 











Figure 4.12. (a) X-ray diffraction patterns, (b) FT-IR spectra, (c) N2 adsorption–desorption isotherm, (d) 
ultraviolet-visible diffuse reflectance spectra, (e) Tauc plots and (f) photoluminescence spectra of ZnO and ZF1 
samples. 
 
Optical properties of ZnO and ZF1 are shown in Fig. 4.12(d) and 4.12(e). As shown in Fig. 
4.12(d) the light absorption of ZF1 was slightly enhanced in the visible region. Fig. 4.12(e) 
shows the Tauc plots of ZnO and ZF1 for the calculation of band gap of catalysts according to 
the following equation (Yang et al. 2017b): 
𝛼ℎ𝜗 = 𝐴(ℎ𝜗 − 𝐸𝑔)
𝑛       (4.4) 
where, α, h, ϑ and Eg are the absorption coefficient, Planck’s constant (eV s), light frequency 
(s−1), and the band gap (eV), respectively. A is a constant and the power (n) is assumed to be 1/2 
and 2 for direct and indirect transitions, respectively (Mirzaei et al. 2018a). It is reprted that both 
ZnO and Zn(OH)F are direct band gap semiconductors (Yang et al. 2017b). As shown in Fig. 
4.12(e) and Table 4.6, the band gap of ZnO and ZF1 is determined as 3.2 (eV) and 3.16 (eV), 
respectively. The position of band edges was also determined by using the following equations 
(Mirzaei et al. 2018a, Yang et al. 2017b): 
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𝐸𝑉𝐵 = 𝑋 − 𝐸𝑒 + 0.5𝐸𝑔       (4.5)  
𝐸𝐶𝐵 = 𝐸𝑉𝐵 − 𝐸𝑔       (4.6)  
where EVB is the valence band and ECB is the conduction band edge potential. Ee is the energy of 
electrons on hydrogen scale (∼4.5 eV) and X is the geometric mean of the absolute 
electronegativity of the constituent atoms on Pearson scale (PAE) (Mirzaei et al. 2018a). The 
band gaps and band edges as determined are listed in Table 4.6. As shown in the Table 4.6, 
compared to ZnO, the VB and CB potentials of ZF1 have down shifted, suggesting that an 
effective heterojunction can be formed between ZnO and Zn(OH)F, which would favor for the 
charge separation and decrease the recombination rate of electrons and holes. As shown in Fig. 
4.12(f), the photoluminescence (PL) emission of ZF1, which was conducted at an excitation 
wavelength of 325 nm was reduced in comparison to ZnO, presenting the reduction in the 
recombination of electron/hole pairs.  
Table 4.6. Band gap parameters for single sonocatalysts 
Sonocatalysts X (PAE) EVB (eV) ECB (eV) Eg (eV) 
ZnO 5.79 2.89 -0.31 3.2 
ZF1 7.08 4.16 0.96 3.16 
 
The XPS measurements were used to investigate the chemical compositions of ZnO and ZF1. 
As shown in Fig. 4.13, the XPS spectra of ZnO and ZF1 present the coexistence of Zn and O 
elements in both sonocatalysts. Besides these two elements, the fluorine element was detected on 
the spectrum of ZF1. The Zn(2p3/2) peak was found at 1022.38 eV and 1023.28 eV for ZnO and 
ZF1, respectively. This slight shift is due to the differences between the fluoride and oxygen 
environments, which exists in the ZF1 structure. As shown in Fig. 4.13(c), the F1s region of ZF1 
spectrum is composed of two peaks. The main peak at 685.9 eV is associated with F in the ZnO1-
xFx lattice (Wu et al. 2009), while the minor peak at 684.4 eV is related to F
- ions, physically 
adsorbed on the surface of ZnO (Yu et al. 2002). In contrast to Zn, a significant change was 
shown in the O(1s) spectrum as illustrated in Fig. 4.13(d). For ZnO two peaks appeared at 530.6 
eV and 532.2 eV which are attributed to the oxygen atoms in the ZnO lattice and to surface OH 
groups, respectively (Chiarello et al. 2014). The binding energies of O(1s) in ZF1 was 
determined at 533.3 eV (Wu et al. 2009) which is slightly higher than the binding energy of 
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oxygen in ZnO. The higher binding energy may be due to the stronger interaction between O and 
H in the ZF1, as reported before (Zhu et al. 2009). The peak at 287.3 eV is related to a trace 
amount of carbon contamination.  
 
 
Figure 4.13. (a) XPS survey spectrum of ZnO and ZF1, (b) high-resolution XPS spectra of Zn, (c) F, and (d) O 
elements.  
 
The variations of zeta potentials (ζ) of ZnO and ZF1 as a function of pH are shown in Fig. 
4.14.  
 




























4.2.2.2. Hydrophobic behavior of adsorbent 
The impact of surface fluorination of ZnO on the adsorption of anionic dyes including methyl 
blue (MB) and acid orange 7 (AO7) was examined. As illustrated in Fig. 4.15, surface 
fluorination was effective for increasing the adsorption capacity of ZnO for the adsorption of 
anionic dyes. In the present study, different hydrophobic behaviors of ZnO and Zn(OH)F led to 
different dispersion stability of the adsorbents in the dye solutions. As shown in Fig. 4.16, ZnO 
sunk to the bottom of solution, while Zn(OH)F floated on the solution surface and took a long 
time to settle down. The same trend has been reported in the case of surface fluorination of TiO2 
composites (Qi et al. 2014, Xing et al. 2012). The higher hydrophobic characteristic of Zn(OH)F 
leads to the higher adsorption capacity of organic contaminants such as dyes. This is because, the 
hydrophobic surface of adsorbent provides more available sites for electrostatic attraction of 
anionic dyes when compete with water molecules for adsorption.  
 
Figure 4.15. Removal percentage of anionic dyes (MB and AO7) by bare ZnO, FZ1; C0,dyes=100 mg/L, adsorbent 
dosage= 5 mg/mL, pH (6.5) (not adjusted), temperature=20±1°C, adsorption time = 30. 
 






























Fig. 4.14 shows the variation of zeta potentials (ζ) of ZnO and ZF1 in water as a function of 
pH. The pH at the point of zero charge (pHzpc) of ZnO is determined as 9, which is in agreement 
with the value reported in the literature (Mohd Omar et al. 2014). In the case of ZF1, the 
isoelectric point was shifted to a lower value (7.6) since some surface Zn-OH2
+ groups are 
replaced by Zn-F species. The decrease of pHzpc by surface fluorination of semiconductors was 
also reported (Wang et al. 2008b). Accordingly, at the pH of solutions in this research (pH  6.5) a 
large number of sites are available for the adsorption of the anionic dyes due to the electrostatic 
attraction between the positively charged ZF1 and anionic dyes in the solutions. Therefore, ZF1 
was an effective adsorbent for the removal of anionic dyes in natural pH of experiment (about 
6.5) in this research.  
4.2.2.3. Equilibrium study  
The adsorption isotherms describe the adsorption behavior and the interactions between 
adsorbate and adsorbent at equilibrium condition. Herein, single-component experiments were 
performed in order to evaluate the adoption capacity of ZnO and ZF1. Fig. 4.17 shows the 
comparison of experimental data by using the Langmuir, Freundlich, BET and D–R isotherms. 
From the results presented in Fig. 4.17 and the correlation coefficients (R2 and SSRE) in Table 
4.7 it is concluded that the Freundlich and BET models provide the best correlation between the 
experimental data and theoretical predictions for MB and AO7, respectively.  
 
 
Figure 4.17.  Single-component adsorption of: (A) MB and (B) AO7 onto ZF1; adsorbent dosage= 5 mg/mL, pH 




The Freundlich isotherm parameters for the adsorption of MB and AO7 onto ZF1 are listed 
in Table 4.7. In the Freundlich isotherm, higher value of n indicates better bonding and a more 
favorable adsorption process between the adsorbent and adsorbate. The n values higher than 
unity for both dyes indicate that the adsorption of dyes onto ZF1 is favorable. However, in 
contrast to the Langmuir model, Freundlich isotherm is not able to consider the saturation 
concentration of adsorbent which is an inherent drawback of this isotherm (Kayvani Fard et al. 
2016). 
Table 4.7. Isotherm parameters, SSRE and R2 values for MB and AO7 adsorption onto ZF1 in single-component 
adsorption. 
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0  32.524 35.497 
E 3.56 2.99 
SSRE 16.8035 5.2812 
R2 0.8379 0.9503 
 
In spite of very restrictive assumptions, Langmuir isotherm is the most widely used isotherm 
to describe the adsorption process in water because of its rigorous theoretical bases (Erto et al. 
2015, Erto et al. 2011). As presented in Table 4.7, the adsorption capacity obtained from the 
Langmuir isotherm (qmL), for both dyes were higher than that obtained from the BET isotherm 
(qmB). This is because in the Langmuir isotherm, the entire adsorption amount is considered as 
monolayer adsorption. However, at high concentrations, some dyes are adsorbed on already 
adsorbed molecules; therefore, the surface affinity for dyes will be reduced compared to the 
direct adsorption on the surface. The correct form of BET isotherm for liquid phase is a 
theoretical isotherm that was developed to derive multilayer adsorption in liquid phase (Ebadi et 
al. 2009). This model is a three-parameter isotherm, which can be applied for multilayer 
adsorption at high concentrations and reduces to the Langmuir and Henry’s law at low 
69 
 
concentrations. The empirical Dubinin–Radushkevich (D-R) isotherm is used to define the nature 
of adsorption (Foo and Hameed 2010). The mean free energy adsorbed per molecule of the 
adsorbate (E) obtained from the D-R isotherm (Eq. 4.7) is a convenient way to assess the 




]         (4.7) 
where E (kJ mol−1) and β are mean free energy and D-R isotherm constant, respectively. If the E 
value is larger than 16 kJ/mol, the process is chemisorption, while for E value between 8 and 16 
kJ/mol, the adsorption process can be defined by ion-exchange mechanism. E values less than 8 
kJ/mol show that the adsorption is of physical nature (Mirzaei et al. 2013). As can be seen in 
Table 4.7, since the E values were significantly lower than 8 kJ/mol, in spite of the low R2 and 
high SSRE values, with a reasonable estimation the adsorption of both MB and AO7 could be 
indicated as physical adsorption in this study.  
4.2.3. Conclusions and remarks related to the adsorption behavior of ZnO and 
Zn(OH)F 
Normally, the photocatalytic reactions occur on the surface of photocatalysts. Therefore, 
the change of adsorption capacity may considerably change the photocatalytic reaction 
efficiency. In this study, first, Zn(OH)F was synthesized by solvothermal method in order to 
incorporate fluorine element into the structure of ZnO. The synthesized catalyst was 
characterized by XRD, XPS, SEM, EDS, FTIR, BET, DRS, PL and zeta potential analyzer. Then 
the effect of fluorination on the adsorption capacity of organic compounds was evaluated by 
using methyl blue and acid orange 7 as model organic compound. In the equilibrium adsorption 
tests, four adsorption isotherm models, including the Freundlich, Langmuir, BET and Dubinin–
Radushkevich (D–R) were investigated. The results showed that the adsorption capacity of 
Zn(OH)F was improved compared to ZnO. Considering that most antibiotics are manufactured in 
anionic form, such as ampicillin sodium salt and amoxicillin sodium salt, the evaluation of the 
effect of fluorination on the adsorption of anionic compounds is of importance. The performance 





4.3. Catalytic performance of Zn(OH)F for the removal of AMP 
4.3.1. Experimental condition 
So far, the beneficial effect of ZnO fluorination on the enhancement of removal efficiency is 
confirmed through the adsorption and photocatalytic degradation of organic contaminants. After 
incorporation of fluorine element into the ZnO structure (Zn(OH)F), we evaluated its 
performance for the degradation of AMP antibiotic. Since, the stability of Zn(OH)F during the 
degradation process was the main objective of this study, instead of photocatalysis we employed 
Zn(OH)F under ultrasound waves irradiation (sonocatalysis) to examined its stability and 
fluoride ion leachate from its structure under severe condition of sonocatalysis process. A 
Branson 450 sonifier, at a fixed frequency of 35 kHz, was used for sonication experiments. The 
initial volume of aqueous solution was 250 mL. The sonoreactor temperature was kept constant 
at 26±2 °C by circulating water around the cylindrical glass reactor. At different intervals, 10 mL 
samples were collected from the reactors during the course of experiments to analyze for the 
concentration of AMP, COD TOC, by-product formation and toxicity assessment. All 
experiments were conducted in batch mode of operation.  
4.3.2. Results and discussion 
4.3.2.1. Removal of AMP by sonolysis and sonocatalysis by ZnO and Zn(OH)F 
Screening experiments were conducted to evaluate the efficiency of different processes in 
terms of the removal percentage of AMP during 90 min of treatment. The examined processes 
included ultrasonic irradiation (US) and sonocatalytic degradation by ZnO (US/ZnO) and 
Zn(OH)F (US/ZF) with different amounts of fluorine embedded into the structure of catalyst. As 
shown in Fig. 4.18 the removal of AMP by ultrasound irradiation was negligible and only 5.2% 
of AMP was removed after 90 min treatment. Moreover, the rate constant of AMP removal by 
sonolysis was 6.1×10-4 min-1. In the sonolysis process, three different sites are available for 
eliminating contaminants, namely: (i) the gaseous region of the cavitation bubbles by pyrolytic 
reactions of volatile contaminants, (ii) the bubble–liquid interface where the generated radicals 
are localized and (iii) the liquid bulk where the elimination reactions take place, either via OH⦁ 
radicals generated by the pyrolysis of water or the free radicals which have escaped from the 
bubble–liquid interface and migrated to the liquid bulk (Velegraki et al. 2006). Considering that 
ampicillin is a highly soluble and non-volatile compound, the pyrolysis in the gas phase is 
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unlikely to occur, and can be considered to be negligible. Hence, the hydroxyl radical-mediated 
reactions occurring in the bubble–liquid interface and the bulk of solution are the dominant 
elimination pathways in the sonolysis of AMP. Under ultrasound irradiation, water molecules 
can cleave to produce OH⦁ and H⦁ radicals (Eq. 4.8) (Güyer and Ince 2011).  
𝐻2𝑂
)))
→ 𝑂𝐻⦁ +𝐻⦁        (4.8) 
where ))) denotes ultrasonic irradiation. Hydroxyl radicals can also be generated by the reaction 
between oxygen radical and water molecules (Eqs. 4.9 and 4.10) (Hassani et al. 2017). 
𝑂2
)))
→ 2 𝑂⦁         (4.9) 
𝐻2𝑂 + 𝑂
⦁ → 2𝑂𝐻⦁        (4.10) 
However, the generated radicals may combine to form H2O (Eq. 4.11) or H2O2 (Eq. 4.12), which 
are less reactive compared to hydroxyl radicals. 
𝑂𝐻⦁ +𝐻⦁ → 𝐻2𝑂        (4.11) 
𝑂𝐻⦁ + 𝑂𝐻⦁ → 𝐻2𝑂2        (4.12) 
It has been reported that the H° radicals are reducing agents and their contribution to the 
elimination of organic compounds is insignificant (Benito et al. 2017). On the other hand, the 
rate of OH⦁ radicals generation by sonolysis process is low (Khataee et al. 2017a). Therefore, the 
elimination of organic contaminants by sonolysis usually requires large amounts of energy or 
long reaction times, which limit its application (Hassani et al. 2017). As shown in Fig. 4.18, only 
5.2% AMP removal was achieved by sonolysis after 90 min treatment, while the percentage 
removal of AMP by using ZnO, ZF0.5, ZF1 and ZF2 was about 48, 68, 87 and 80%, 
respectively. The presence of catalyst in the medium increases the removal efficiency due to the 
formation of more radicals on the catalyst surfaces by heterogeneous nucleation of bubbles in the 
sonocatalysis process (Eren and Ince 2010). Moreover, the presence of particles accelerates the 
breakup of generated microbubbles into smaller ones, thus enhancing the number of high 
temperature and pressure regions (Anju et al. 2012, Chen and Smirniotis 2002). It is reported that 
sonoluminescence or ‘‘hot spot” may play a significant role in sonocatalytic degradation of 
organic compounds (Pang et al. 2010, Shimizu et al. 2007, Wang et al. 2009a). In this 
mechanism, the semiconductor as sonocatalyst would be excited and produces hole and electron 
pairs and reactive radicals under the light irradiation created at the time of sonoluminescence 
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(Jyothi et al. 2014, Khataee et al. 2017b, Khataee et al. 2016, Soltani et al. 2016, Zhang et al. 
2017b). Shimizu et al. (2007) reported that methylene blue was effectively eliminated in the 
presence of semiconductor (TiO2) under a low frequency ultrasonic irradiation, while using 
insulator (Al2O3) had no effect on the degradation of methylene blue under similar conditions. 
However, the mechanism of sonoluminescence phenomenon in the presence of semiconductors 
is not fully discovered (Wang et al. 2008a). The lack of excitement of the TiO2 surface under 
ultrasound waves with different frequencies is also reported (Taghizadeh and Seifi-Aghjekohal 
2015, Ziylan-Yavaş and Ince 2016). 
 
Figure 4.18. Removal ratio of AMP by different processes during 90 min treatment. Experimental conditions: 
[AMP]0 = 30 mg/L, pH = 7, [Catalyst] = 1 g/L, temperature = 26 ±2 °C and ultrasonic power = 100 W 
 
In this study, although, Zn(OH)F sonocatalysts possessed lower specific surface area 
compared to ZnO, they showed higher removal efficiencies. The removal of AMP by adsorption 
on ZnO was 5 % after 30 min, while by using ZF1 as sonocatalyst, the adsorption capacity of 
catalyst was enhanced and about 20% removal was achieved after 30 min. The improvement of 
adsorption capacity by using Zn(OH)F may be attributed to the presence of fluorine as the most 
electronegative element in the structure of catalyst, and attraction of AMP from its negative 
moiety. The highest removal efficiency was achieved by using ZF1, while the removal efficiency 
of AMP by using ZF2 was lower than ZF1. A reduction in photocatalytic activity of Zn(OH)F by 
increasing the fluorine content is also reported (Yang et al. 2017b). Considering that optical 
properties of ZF1, such as PL emission intensity, are different from ZnO, the generation of 
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electrons and holes pair by sonoluminescence phenomenon is most likely occurred in this study. 
Beside OH⦁-mediated oxidation pathway, the sonogenerated holes on the surface of ZF1 play a 
decisive role in eliminating AMP. This is due to the fact that fluorine is the most electronegative 
element and it holds the generated electron in the conduction band and restrains the electron and 
hole recombination (Liu et al. 2012). By holding the electrons, the lifetime of generated holes 
can be extended to oxidize the hydroxide ions to OH⦁ and to further oxidize the AMP molecules. 
Since the generated holes are strong oxidants and the adsorption of AMP onto the surface of ZF1 
was enhanced compared to ZnO, using ZF1 as sonocatalyst can effectively promote the 
elimination of AMP. The significant contribution of holes to the removal of AMP is verified by 
the notable decline in the removal efficiency in the presence of hole-scavengers such as chloride 
and iodide ions as shown in Fig. 4.20. The benefits of utilizing ultrasound irradiation are the 
generation of hydroxyl radicals (Eq. 4.10), reduction of mass transfer limitations, continuous 
cleaning/renewing of the catalyst surface, reduction of chemical consumption and sludge 
generation rates, and formation of more active sites due to the disaggregating flocs of particles 
(Eren and Ince 2010, Ziylan-Yavaş and Ince 2016). Moreover, sonication can enhance oxidation 
via the continued removal of intermediate compounds and by-products from the surface of 
catalyst, thus improving the availability and clarity of surfaces for the ensuing reactions (Pang et 
al. 2010). Consequently, the rates of subsequent reactions, i.e. adsorption–oxidation–desorption 
of AMP will increase. Considering the results of screening experiments, the ZF1 catalyst which 
demonstrated a better performance than other sonocatalysts, was selected for investigation in the 
subsequent experiments. 
4.3.2.2. Effect of operating parameters on the AMP sonocatalytic degradation rate   
 
Effect of catalyst dosage  
Fig. 4.19(a) shows the degradation rate of AMP by sonocatalytic process as a function of 
ZF1 dosage (0-2 g/L). As mentioned before, in the absence of sonocatalyst, the removal of AMP 
was insignificant. The rate of AMP removal was increased from 6.1×10-4 to 1.99 ×10-2 min-1 by 
increasing the ZF1 dosage from 0 to 1.5 g/L. This is due to the enhancement of active sites for 
the adsorption of AMP, direct oxidation by holes and generation of reactive radicals (Pang and 
Abdullah 2013). The enhancement of degradation rate in the presence of sonocatalyst in 
ultrasonic degradation system has been reported before (Pandit et al. 2001). This occurs because 
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of increases in the formation rate of cavities, by providing more nuclei, and by the higher 
generation of free radicals (Anju et al. 2012). It is reported that the optimum catalyst dosage 
depends on the initial contaminant concentration (Neppolian et al. 2002, Pang et al. 2011) as well 
as the shape, size and geometry of utilized sonoreactor (Anju et al. 2012). The excessive dosage 
of sonocatalyst can possibly suppress the transmission of ultrasound waves near the catalyst 
surface (Pang and Abdullah 2013). Moreover, the high dosage of catalyst may cause sound 
attenuation, flash light screening and restriction of contaminant molecules diffusion into the 
solution, producing adverse effects on the removal efficiency of contaminants (Pang and 
Abdullah 2013, Yin et al. 2011). In addition, the aggregation of catalyst particles which is likely 
to occur at high catalyst dosages, reduces the number of available active sites on the surface of 
catalysts (Anju et al. 2012). Consequently, the increase of catalyst concentration from 1.5 g/L to 
2 g/L did not have a significant impact on the removal efficiency or removal rate of AMP. 
Therefore, all further experiments were carried out at the catalyst dosage of 1.5 g/L. 
 
Effect of initial solution pH  
The solution pH is a decisive parameter in the sonocatalytic degradation, since the ionization 
state of organic contaminants and the surface charge of catalysts are significantly influenced by 
pH value (Kang et al. 2015, Pang and Abdullah 2013, Wang et al. 2009a). Fig. 4.19(b) shows 
that the degradation rate of AMP is influenced by the solution pH, and the highest degradation 
rate of 2.24×10-2 min-1 was achieved at pH~5. Depending on the pH(zpc) value, the surface of 
catalyst would be positively or negatively charged at pH values lower or higher than pH(zpc), 
respectively. Besides, when the solution pH is higher than the acid-base dissociation constant 
(pKa) of an organic compound, the corresponding compound mainly exists in anionic form in 
water (Pang and Abdullah 2013). As shown in Fig. 4.14, the pH(zpc) of ZF1 was determined to be 
7.6. Therefore, when the solution pH is less than 7.6, the surface of ZF1 is positively charged. 
On the other hand, the pKa of AMP is 2.5, and at pH values higher than 2.5, AMP is in anionic 
form. For these reasons, the pH value between 2.5 and 7.6 is the most favorable pH range in this 
study, due to the attractive forces between the anionic form of AMP molecules and the positively 
charged catalyst surface. Moreover, in acidic condition, due to the accumulation of hydronium 
ion at the interface, the bubble interface becomes positively charged. This phenomenon not only 
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increases the number of bubbles in the solution, due to reduced coalescence of individual 
bubbles (Sasi et al. 2015), but it also attracts the negatively-charged AMP inside the bubble 
interface. The enhancement of reaction rate by reducing the solution pH during sonochemical 
degradation has been reported before (Anju et al. 2012, Nalini Vijaya Laxmi et al. 2010, Wu et 
al. 2001). Under basic condition, not only the hydroxyl radicals combine to form H2O2, which 
has a lower oxidation potential (Kang et al. 2015), but also due to the presence of OH− ions, the 
produced hydrogen peroxide will decompose to form water and oxygen without producing 
oxidative radicals (Mirzaei et al. 2017b). In the examined pH range, the lowest degradation rate 
of 1.14×10-2 min-1 was achieved at pH~11. Besides, the oxidation potential of hydroxyl radicals 
under acidic condition is higher than that under basic condition. The standard redox potential of 
H2O/ OH⦁ couple is 2.59 V and 1.64 V at pH 0 and pH 14, respectively (Hassani et al. 2017). It 
is reported that the most stable form of OH⦁ radicals is produced at pH values of 2–4 (Mohajeri 
et al. 2010). However, at very acidic condition, catalyst nanoparticles could be partially 
dissolved into the solution, which reduces the removal efficiency. Finally, at pH values lower 
than 3, AMP possesses neutral charge, which hinders its adsorption on the positively charged 
catalysts. Therefore, pH of 5 was selected as the optimum pH value for the ensuing experiments 





Figure 4.19. (a) Effect of ZF1 loading (pH=7, [AMP]0= 30 mg/L), (b) pH of solution ([catalyst]0= 1.5g/L, [AMP]0= 
30 mg/L), and (c) initial concentration of AMP ([catalyst]0= 1.5 g/L, pH=5) on the rate of AMP removal in 
sonocatalytic process. 
 
Effect of initial AMP concentration  
The concentration of contaminants in the influent stream of water treatment plants is not 
constant and varies with time (Mirzaei et al. 2017a). Therefore, it is important to evaluate the 
dependence of contaminant removal efficiency on the initial concentration of contaminants 
(Wang et al. 2009a). The degradation study was carried out at the concentration range of 10-50 
mg/L, while keeping other operating parameters constant (catalyst dosage =1.5 g/L, pH  5 and 
ultrasound power =100 W). As seen in Fig. 4.19(c), the initial concentration of AMP and the 
sonodegradation rate are inversely related. The removal rate constant was 4.6×10-2 min-1 when 
the initial concentration was 10 mg/L, while the removal rate decreased to 1.41×10-2 min-1 when 
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the experiment was conducted with 50 mg/L initial AMP concentration. The reduction of 
sonocatalytic degradation rate at higher concentrations of contaminants has been reported before 
(Anju et al. 2012). At higher concentrations of AMP, the active sites of ZF1 are occupied by 
AMP and intermediate compounds. This prohibits sonocatalyst particles to absorb heat and 
energy that are generated by acoustic cavitation, and reduces the generation of reactive species 
(Hassani et al. 2017, Pang et al. 2011). However, Anju et al. (2012) reported that the saturation 
of semiconductor surface occurred at higher initial concentrations of contaminants during 
sonocatalysis in comparison with photocatalysis. This is due to the in situ regeneration of 
catalyst surface by the microstreaming phenomenon, where cavitation causes the formation of 
miniature eddies and a jet of fluid directed onto the catalyst particle (Adewuyi 2001). At high 
concentrations of contaminants, higher amounts of radicals are needed. Therefore, the removal 
rate of AMP decreased with the increase in its concentration.  
Effects of the presence of scavengers in water on AMP degradation 
Organic and inorganic ions are commonly present in the water and wastewater effluents and 
may influence the efficiency of contaminant removal by their radical scavenging properties 
(Khataee et al. 2015, Sasi et al. 2015). The governing mechanism for the effect of ions on 
sonochemical elimination of organic compounds is not well established. Several researchers 
reported that the presence of ions reduced the removal efficiency of contaminants in water 
(Hassani et al. 2017, Zhang et al. 2015), while some reports presented an insignificant effect of 
ions on the overall sonochemical elimination of contaminants (Moumeni and Hamdaoui 2012, 
Wang and Lim 2010), and yet other works highlighted that sonochemical or sonocatalytic 
degradation of organic contaminants was accelerated in the presence of ions (Jyothi et al. 2017, 
Ziylan-Yavaş and Ince 2016). As shown in Fig. 4.20 the removal efficiency of AMP after 90 min 
reaction was reduced from 97.2 % in deionized water to 78.1, 66.4, 57.1, 42.9 and 28.3% in the 
presence of nitrate, sulfate, carbonate, chloride and iodide ions, respectively. It is reported that 
the presence of anions in the solution slows down the penetration of US waves into the system 
(Jyothi et al. 2017). Besides, the reaction of inorganic ions with OH⦁ radicals leads to the 
formation of less reactive radicals by the following reactions (Hassani et al. 2017, Mirzaei et al. 
2017b, Sasi et al. 2015) : 




2− + 𝑂𝐻⦁ → 𝐶𝑂3
⦁− + 𝑂𝐻−   (k=3.9×108 M-1s-1)  (4.14) 
𝑆𝑂4
2− + 𝑂𝐻⦁ → 𝑆𝑂4
⦁− + 𝑂𝐻−   (k=1.5×106 M-1s-1)  (4.15) 
𝑁𝑂3
− + 𝑂𝐻⦁ → 𝑁𝑂3
⦁− + 𝑂𝐻−   (k=5×105 M-1s-1)  (4.16) 
Considering Eqs. (4.13-4.16) carbonate ion presents the highest competition for hydroxyl 
radicals as it has the highest rate constant. Guillard et al. (2005) concluded that the decline in 
efficiency is due to the formation of an inorganic salt layer at the surface of catalyst. As 
mentioned before, at pH values lower than pH(zpc) the surface of catalysts is positively charged. 
Therefore, all examined anions can be adsorbed onto the surface of ZF1 and they can compete 
with AMP for adsorption on sonocatalyst. The adsorption of various anions on the surface of 
semiconductors is also reported before (Jyothi et al. 2017). In this regard, the decline of removal 
efficiency in the presence of divalent anions such as sulfate and carbonate was more pronounced 
than that obtained in the presence of nitrate, which is a monovalent anion. However, the negative 
effect of chloride was higher than that observed with divalent anions. This is because chloride 
anions can scavenge both produced holes (Eqs. 4.17 and 4.18) and hydroxyl radicals (Eq. 4.13) 
during the sonocatalytic reaction (Karaca et al. 2016). 
𝐶𝑙− + ℎ+ → 𝐶𝑙⦁        (4.17) 
𝐶𝑙⦁ + 𝐶𝑙− → 𝐶𝑙2
⦁−        (4.18) 
The presence of iodide ions in the solution showed the strongest inhibition effect on removal 
of AMP. It is reported that iodide ions can act as the scavenger of both holes (k = 1.2×1010 M-1s-
1) and hydroxyl radicals (k = 1.1×1010 M-1s-1), resulting in a significant reduction in the 
degradation efficiency (Hassani et al. 2017, Ziylan-Yavaş and Ince 2016). Therefore, a 
significant reduction of the removal efficiency in the presence of hole scavengers (iodide and 
chloride) further confirmed the contribution of both mechanisms, i.e. direct oxidation by holes 





Figure 4.20. Effect of scavengers on the removal efficiency of AMP. Experimental conditions: [AMP]0 = 30 mg/L, 
[ZF1] = 1.5 g/L, pH=5, [scavenger]0 = 30 mg/L, reaction time = 90 min, temperature = 26 ±2 °C and ultrasonic 
power = 100 W. 
 
 
4.3.2.3.  COD and TOC removal 
Since many intermediate products may be formed during the oxidation process, the removal 
of parent contaminants does not reflect their respective mineralization (Xia and Lo 2016). 
Therefore, COD and TOC removals were evaluated as mineralization indicators for the 
degradation of AMP. As shown in Fig. 4.21 approximately 61 and 46% COD and TOC removal 
were achieved after 120 min of reaction at the optimum operating conditions. Notably, about 
97.2 % AMP removal was achieved after 90 min of reaction, while TOC removal during this 
period was 40%, suggesting that AMP was transformed into intermediate products during the 
treatment process. The reductions of COD and TOC were faster during the first 60 min of 
treatment. This occurred because the removal of AMP in the initial stages of process is likely due 
to the aromatic ring cleavage by the continuous attack of hydroxyl radicals (Ghauch et al. 2009). 
Thereafter, a steady decrease in the removal rate of COD and TOC was observed by the 
formation of stable intermediates such as aliphatic acids, which are very persistent toward 























Figure 4.21. TOC and COD removal during the sonocatalytic degradation of AMP. Experimental conditions: 
[AMP]0 = 30 mg/L, [ZF1] = 1.5 g/L, pH=5, temperature = 26 ±2 °C and ultrasonic power = 100 W. 
 
4.3.2.4. By-product formation 
Despite the high removal efficiency of AMP, Fig. 4.21 shows that AMP was not completely 
mineralized to water and carbon dioxide during the sonocatalytic process, even after 120 min 
reaction. Several potential by-products with relatively similar structure to AMP that may possess 
antibacterial activities were examined in the treated samples after 90 min reaction by US, 
US/ZnO and US/ZF1 processes. They include oxidized form of AMP, molecular hydration at β-
lactam ring, oxidation of amine group into a carbonyl group, hydration at β-lactam ring followed 
by decarboxylation, oxidation of sulfur moiety and the combination of above. In addition, the 
intensity of peaks was compared as the indicators of by-products concentrations. The ampicillin 
molecule can change into the dimer form through aminolysis at the β-lactam carbonyl moiety by 
the amine group of a second molecule (Lu and Feng 2007). It is reported that the aromatic ring of 
β-lactam of AMP is the predominant hydroxylation reaction site for the hydroxyl radical reaction 
(Ghauch et al. 2009). Therefore, the generated OH⦁ radicals during the treatment can attack the 
amine functional group where molecules are attached together. Table 4.8 and Fig. 4.22(a) show 
that the peak intensity of AMP during the US/ZF1 process was about 5 and 35 times less than 
that observed in the US/ZnO and US processes, respectively, which further confirmed the higher 
efficiency of AMP removal in the US/ZF1 process. The relative peak intensity of by-product 
[m/z 322.12], which was produced by the oxidation of sulfur moiety and by losing CO and H2O, 
was about 55 and 92% lower in the US/ZnO and US/ ZF1 processes, respectively, compared to 
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the intensity obtained in the US process (Fig. 4.22(b)). In addition, the peak intensity of 
generated by-product [m/z 349.09] was about 23% and 50% lower when US/ZnO and US/ZF1 
processes were used to treat the AMP solution, respectively, than the level observed during 
sonolysis (Fig. 4.22(e)). Nevertheless, by-product [m/z 338.12] was produced at the same peak 
intensity during the three examined processes (Fig. 4.23(d)), and the intensity of compound [m/z 
324.14] was higher during sonocatalysis compared to its intensity during the sonolysis process 
(Fig. 4.22(c)). The oxidized form of AMP (hydroxylation, +16 Da) was not detected in the 
treated solution by sonocatalysis processes and it was only observed during the sonolysis process 
(Fig. 4.22(f)).  
Table 4.8. By-products identified during the sonocatalytic degradation of AMP after 90 min reaction by US, US/ZnO 
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Figure 4.22. LC-HR-MS/MS extracted-ion screening chromatograms of (a) ampicillin, [m/z=350.12], (b) ampicillin 
–CO, -H2O, +O, [m/z=312.12], (c) ampicillin + H2O, -CO2, [m/z=324.14], (d) ampicillin + O2, - COOH, 
[m/z=338.12], (e) ampicillin + O, -NH2, -H, [m/z=349.09], (f) ampicillin + O, [m/z=366.11]. 
 
4.3.2.5. Toxicity assessment 
As mentioned above, the partial mineralization of contaminants may lead to the formation of 
intermediate compounds and by-products which are sometimes more toxic than their precursors 
(Sasi et al. 2015). Fig. 4.23 shows the percentage inhibition (PI) of solution corresponding to 
different treatment courses by ZF1 in sonocatalytic degradation of AMP at the optimum 
operating conditions. The results indicated a high percentage of solution inhibition as 42% PI 
against E. coli bacteria. The results of inhibition assays obtained after 30 min treatment showed 
that the degradation of AMP led to the generation of intermediate products which showed 
toxicity (PI >10%), although about half of the toxicity observed with the initial untreated 
samples. However, the continuation of treatment up to 60 min, led to the reduction of toxicity 





Figure 4.23. Changes in toxicities (as measured by the inhibition to E. coli bacteria) before treatment and after 
different stages of sonocatalytic degradation of AMP by ZF1 at the optimum condition. 
 
Fig. 4.24 shows the magnified images of cultured plates with zone of inhibition for the E. 
coli strain. The initial sample of AMP was added to well number 0, while the treated solution by 
ZF1 after 60 min and 120 min reaction was added to wells number 1 and 2, respectively. The 
zone of inhibition around the initial sample (untreated) and the remarkable growth of bacterial 
colonies around the treated sample further confirmed the effectiveness of applied sonocatalytic 
degradation in decreasing the toxicity of AMP solution. 
 
 
Figure 4.24. Magnified images of the growth inhibition zone of AMP solution against E. coli bacteria before 




4.3.2.6. Stability of catalyst 
The stability and reusability of a catalyst during long-term water treatment operations are 
among the most important characteristics of that catalyst (Hassani et al. 2017). In order to 
evaluate the stability of the developed sonocatalyst, ZF1 nanoparticles were used in four catalytic 
cycles. After each treatment process, nanoparticles were separated by centrifugation, washed 
with deionized water several times, dried at 105 °C and were utilized in the next experimental 
run. The results of stability experiments, illustrated in Fig. 4.25(a) showed that the developed 
sonocatalyst nanoparticles were stable in consecutive trials, and only about 5% decline in the 
removal efficiency was observed after four experimental runs. 
 
Figure 4.25. (a) Reusability of the F-ZnO nanoparticles within four consecutive experimental runs. (b) Fluoride ion 
concentration into the solution. Experimental conditions: [AMP]0 = 30 mg/L, [F-ZnO] = 1.5 g/L, pH=5, 
temperature = 26 ±2 °C and ultrasonic power = 100 W. 
 
As mentioned before, the generation of holes on the surface of sonocatalyst nanoparticles 
increases the removal efficiency of contaminant by direct oxidation of AMP and/or by the 
generation of reactive radicals. However, the generated holes may result in self-corrosion of zinc 
catalyst based on reaction (3.9). The adsorption capacity of the developed sonocatalyst 
(Zn(OH)F) for AMP was increased compared to ZnO. It is possible that the molecules of AMP 
adsorbed on the surface of sonocatalyst were not only removed from the water by direct 
oxidation, but they also protected the surface of catalyst from self-corrosion by consuming the 
produced holes. Fig. 4.25(b) shows the concentration of fluoride ion into the solution. As seen, 














solution is much lower than the safe limit of fluoride ion concentration in drinking water which 
confirms the high stability of synthesized catalyst.  
4.3.3. Conclusions and remarks related to the catalytic performance of Zn(OH)F for 
the removal of AMP 
The sonocatalyst Zn(OH)F was synthesized by solvothermal process, using ZnO and NH4F 
as precursors with different molar ratio. After selecting the optimized catalyst in screening 
experiments, the sonocatalytic degradation of ampicillin antibiotic in water by bare ZnO and 
optimized Zn(OH)F (ZF1) was investigated in terms of AMP removal and mineralization, 
detoxification of solution, and the remaining by-products at the end of process. Preliminary 
results revealed that the sonocatalytic performance of ZF1 (US/ZF1) was significantly greater 
than that of bare ZnO (US/ZnO) and sonolysis (US) for the treatment of AMP solution. The 
effects of catalyst dosage, solution pH and initial AMP concentration on the rate of AMP 
removal were evaluated. Under the optimum operating conditions, the removal percentage of 
AMP by ZF1 was ~97% after 90 min reaction, while 51 and 36% COD and TOC removal were 
achieved after 120 min reaction, respectively. The formation of several by-products with 
chemical structures relatively similar to that of AMP during the sonolysis and sonocatalysis was 
evaluated by LC-HR-MS/MS method. LC-HR-MS/MS results showed that the concentration of 
most by-products, which were produced after 90 min reaction by US/ ZF1 process, was 
considerably lower than those obtained during sonolysis and US/ZnO processes. The study of 
ZF1 stability revealed that the degradation efficiency of AMP was reduced by only 5% after four 
repetitive experiments.  
In spite of high stability of synthesized catalyst and low amount fluoride ion leachate from 
the structure, the separation of photocatalyst from solution after treatment is an important 
limitation of catalysts. In the following section the ZnO-based photocatalyst with high stability 
and magnetic properties was synthesized and its performance was evaluated for removal of 






4.4. Removal of SMX by Fe3O4@Zn-O@g-C3N4 
4.4.1. Experimental condition 
The experimental conditions in this section are similar to those reported in Section (4.1.1). 
4.4.2. Results and discussion 
4.4.2.1. Characterization of photocatalysts 
The XRD patterns of g-C3N4, ZnO, Fe-ZnO and FZG composites are shown in Fig. 4.26(a). 
The appearance of strong and narrow peaks confirmed that the synthesized photocatalysts were 
well crystallized. The peaks of pristine ZnO are in agreement with the hexagonal crystal phase of 
ZnO (JCPDS 65-3411). Three sharp peaks at 31.7°, 34.2° and 36.2° are assigned to (100), (002) 
and (101) faces of ZnO, respectively. The strong peaks of (100), (002) and (101) and the peaks 
with low intensities of (102) and (110) directions indicate the multi-directional growth of ZnO 
crystallites, which produce hierarchical structure. During the crystallization process, the 
adsorption of ethylene glycol on different surfaces of catalyst leads to preferential growth of ZnO 
crystallites at different rates, forming a petal-like morphology (Wang et al. 2010a). Both Fe-ZnO 
and FZG photocatalysts consist of Fe3O4 peaks at 31°, 35° and 43°, which are compatible with 
Fe3O4 peaks (JCPDS: 19-0629). In the case of g-C3N4, two distinct peaks at 13.1° and 27.1° 
correspond to the (100) and (002) diffraction planes, respectively (Pan et al. 2012). These two 
peaks can be clearly seen in the magnified XRD pattern of FZG in the inset of Fig. 4.26(a) which 
shows the growth of g-C3N4 on the surface of Fe-ZnO particles. There are no traces of other 
phases, indicating the high purity of photocatalyst and the successful preparation of FZG 
composite. The N2 adsorption-desorption isotherms and pore size distribution curves of FZG1 
are presented in Fig. 4.26(b). The presence of a H3 hysteretic loop in typical IV-type isotherms 
indicates the mesoporous structure (Kumar et al. 2018). The mesoporous structure is beneficial 
for reducing mass transfer limitations and light harvesting in photocatalytic processes. Fig. 
4.26(c) shows the pore size distribution of FZG1, which was determined by using the BJH 
method. The wide distribution of pore size further confirms the existence of pores at various 
sizes, which is preferable for accessibility of compounds to/from the catalytic sites (Li et al. 
2016). The BET surface areas of four photocatalysts, i.e. ZnO, g-C3N4, Fe-ZnO and FZG1 were 
also evaluated. The specific surface area of ZnO sample was measured to be 28.95 m2/g. The 
presence of Fe3O4 nanoparticles on the structure of catalysts reduced the BET surface from 28.95 




Various specific surface areas are reported for g-C3N4. For instance, Wang et al. (2017) reported 
the value of 10 m2/g, while the specific surface area reported by Zou et al. (2017b) is 275 m2/g. 
This difference is observed since the exfoliated g-C3N4 nanosheets can readily re-stack and form 
thick layers, leading to partial loss of their BET surface area (Wang et al. 2017). The coating of 
g-C3N4 onto the Fe-ZnO surfaces increased the specific surface area of catalyst to 18.14 m
2/g. 
Therefore, the in situ growth of g-C3N4 on the Fe-ZnO surface not only led to the proper 
formation of an interface to charge transfer, but it also enhanced the specific surface area of 
FZG1 nanocomposite compared to Fe-ZnO. This enhancement favors light absorption and 
provides higher active sites for the photocatalytic process (Kumar et al. 2014). The DRS test was 
also examined in order to evaluate the optical properties of ZnO, g-C3N4, and the composites 
(Fig. 4.26(d)) As expected, the pristine ZnO could only absorb UV light spectrum and the 
corresponding band gap was ~3.2 eV which is compatible with the reported band gap for ZnO 
(He et al. 2015). The pure g-C3N4 has an absorption edge at 460 nm, corresponding to the band 
gap of 2.7 eV which is consistent with the reports in the literature (Zou et al. 2017b). The band 
gap of all the photocatalysts were calculated by using Eq. (4.4) and presented in Fig. 4.26(e). 
Interestingly, as shown in Fig. 4.26(d) the in situ growth of g-C3N4 on the ZnO surface increased 
the visible light absorption of FZG1. The potentials of conduction band and valence band edges 
of photocatalysts are calculated by using Eqs. (4.5) and (4.6) and listed in Table 4.9. PL 
spectroscopy is the emission of fluorescence, generated from the recombination of photo-induced 
e-/h+ pairs. Hence, the PL intensity is an indicator of the recombination rate of charge carriers 
(Kumar et al. 2014). In this study, PL spectroscopy test was conducted at an excitation 
wavelength of 325 nm. As seen in Fig. 4.26(f), g-C3N4 shows a strong photoluminescence with 
an emission peak at about 440 nm. The higher photoluminescence corresponds to the higher 
recombination of photo-induced electron and holes and lower quantum yield (Kumar et al. 
2017). Interestingly, the addition of Fe3O4 to the structure of catalyst reduced the emission peak 
in PL spectra in Fe-ZnO compared to the bare ZnO. The addition of g-C3N4 to the Fe-ZnO 
followed by the formation of FZG1 further reduced the recombination of e-/h+ pairs and the PL 
emission due to strong interactions between Fe-ZnO and g-C3N4. The PL results demonstrated 
that the presence of Fe3O4 and the conjugation of Fe-ZnO and g-C3N4 promote the separation 
and the efficiency of photo-generated electron–hole pairs. However, the presence of Fe3O4 




Table 4.9. Band gap parameters for single photocatalysts 
Photocatalyst X (PAE) EVB (eV) ECB (eV) Eg (eV) 
ZnO 5.79 2.815 -0.235 3.05 
g-C3N4 4.73 1.58 -1.12 2.7 
 
   
 
Figure 4.26. (a) XRD spectra of Fe3O4, pristine ZnO, g-C3N4 and FZG, inset: magnified XRD pattern of FZG and  
presence of g-C3N4 and Fe3O4 peaks; (b) Nitrogen adsorption/desorption isotherm of ZnO, g-C3N4 and FZG; (c) 
pore size distribution of ZnO, g-C3N4 and FZG; (d) DRS spectra of pristine ZnO, g-C3N4 and FZG; (e) Tauc plot of 
pristine ZnO, g-C3N4 and FZG; and (f) PL spectra of pristine ZnO, g-C3N4 and FZG excited at 325 nm. 
 
The results obtiatned from the FTIR (Fig. 4.27) demonstrated that a strong chemical 
interaction occurred between ZnO and g-C3N4. The peak at 808 cm
-1 is related to the s-triazine 
ring vibrations in pure g-C3N4 (Kumar et al. 2014, Zhang et al. 2017a). However, this peak on 
the FZG1 sample shifted to the lower wavenumber (804 cm-1). The observed red shift is caused 
by the formation of chemical bonds between ZnO and g-C3N4 in the conjugated system (Kumar 
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et al. 2014, Wang et al. 2017). This strong chemical interaction not only shows the formation of 
robust hetrojuction structure, but it also facilitates the interfacial charge transfer between ZnO 
and g-C3N4 in the photocatalytic processes (Kumar et al. 2014). 
 
Figure 4.27. FTIR spectra of ZnO, g-C3N4, Fe-ZnO and FZG1. 
 
 
Figure 4.28. TGA curve of Fe-ZnO and FZG1. 
 
The thermogravimetric analysis (TGA) was used to estimate the g-C3N4 content in the FZG1. 
As seen in Fig. 4.28 two weight loss regions are apparent in the TGA curve for FZG1. The fisrt 
loss which occurred at 340 ºC is related to water evaporation (about 1%). The major weight loss, 
which started at 490 ºC and lasted until the temperature reached 700 ºC, indicated the burning 





































and decomposition of g-C3N4 from the FZG1 structure. Therefore, the weight percentage of g-
C3N4 was equal to the major wieght loss of composite photocatalyst which was determined to be 
10% in the FZG1 structure. However, for Fe-ZnO, only a slight slope of weight loss was 
observed, which corresponded to the evaporation of water molecules from the structure of 
catalyst. Fig. 4.29 shows the variation of zeta potentional as a function of solution pH. As seen, 
the pH(ZPC) is calculated as 3 which is close to the reported value for g-C3N4 (Shen et al. 2015). 
 
 
Figure 4.29. Zeta-potential of FZG as a function of pH value (Radjenovic and Petrovic 2017). 
 
SEM images were used to investigate the morphology of photocatalysts. Fig. 4.30(a) shows 
the SEM images of the synthesized petal-like photocatalyst with approximately 4 μm planar 
dimensions. The detailed morphology of the petal-like ZnO is shown in Fig. 4.30(b) and (c), 
which revealed that the thickness of palates is about 40-50 nm, and the entire architecture is 
assembled from several nano-petals with a smooth planar surface. The smooth surface of petals 
in ZnO and Fe-ZnO is probably due to Ostwald ripening during self-assembly crystallization 
(Zhong et al. 2006). The role of urea was crucial in this process. In a control experiment under 
the same synthesizing conditions, no participate was collected in the absence of urea. The 
hydrolysis of urea provides steady and continuous supply of OH- ions to react with zinc ions 
which control the growth speed of nuclei (Yan and Xue 2005). Such unique structure of ZnO is 
related to an appropriate portion of EG as the growth director in the solvent (Lv et al. 2015, 
Wang et al. 2010a). The SEM images with high magnification in Fig. 4.30(g-i) indicate the 
coating of ZnO nano-petals with g-C3N4, which produced the rough surfaces of photocatalyst. In 

























C3N4. This porous structure is beneficial since it improves the mass transport through the 
photocatalyst (Lv et al. 2015) and light trapping (Li et al. 2016). The presence of all elements i.e. 










d e f 
g h i 








Figure 4.31. EDS spectra of (a) ZnO, (b) Fe-ZnO and (c) FZG1. 
 
Fig. 4.32(a) shows the TEM images of quasi-monodispersed nanoparticles with sizes 
between 20 and 40 nm. The Fe3O4 nanoparticles are dispersed into the photocatalyst structure, 
which caused the magnetic properties of Fe-ZnO and FZG. High-angle annular dark-field 
(HAADF) imaging is a powerful tool for characterization of material with close atomic numbers. 
In this technique, the signal has a linear proportional to the thickness and atomic number of the 
examined sample (Chalasani and Vasudevan 2013). As shown in the inset of Fig. 4.32(a), the 
bright regions correspond to Fe3O4. The iron nanoparticles are dispersed in the structure of 
specimen, while the agglomeration of iron oxide occurred in some areas. Fig. 4.32(b) shows the 
coalescence of nano-plates and the presence of Fe3O4 at the size of approximately 10 nm. As 
seen in Fig. 4.32(c), the FZG contains pores which may have been produced by the 
decomposition of urea during the in situ formation of g-C3N4 at the annealing stage (Zhu et al. 
2014). The g-C3N4 protective layer with the thickness of about 3-4 nm provided a coating on the 






extending the light harvesting range of Fe-ZnO and enhancing the photostabilty of photocatalyst. 
The inset of Fig. 4.32(d) shows the SAED pattern of the FZG nanocomposite, which confirms 




Figure 4.32.  (a), TEM images of Fe-ZnO, inset: HAADF-STEM imaging Fe-ZnO, (b), high resolution TEM image 
of Fe-ZnO sample, inset: SEAD pattern for Fe-ZnO, (c-d) TEM images of FZG1, inset: SEAD pattern for FZG1. 
 
The magnetic properties of Fe-ZnO and FZG1 samples were investigated at room 
temperature and the results are displayed in Fig. 4.33. Both samples showed the hysteresis loop, 
indicating a superparamagnetic behavior without any noticeable remanence. The saturation 
magnetizations of the Fe3O4-ZnO and FZG1 samples were 3.7 and 2.7 emu/g, respectively. The 
lower saturation magnetization of FZG1 compared to Fe-ZnO was due to the covering of the 
magnetic photocatalyst by g-C3N4 as a non-magnetic protective layer. 
















Figure 4.33. Magnetization curves of Fe3O4-ZnO and FZG1. 
 
4.4.2.2. Optimization of photocatalysts 
The photocatalytic performance of photocatalysts was evaluated by the SMX degradation as 
illustrated in Fig. 4.34. As shown, a relatively high removal of SMX was achieved by direct 
photolysis in the absence of photocatalyst. This is due to the high overlap of employed low 
pressure UV lamp with maximum absorption wavelength of SMX which has been reported 
before (Luo et al. 2018, Willach et al. 2018). However, our previous study showed that the direct 
photolysis of SMX leads to a low extent of mineralization and formation of brownish by-
products (Mirzaei et al. 2018c). In the photocatalytic processes, the removal of SMX by 
adsorption on photocatalysts after 30 min circulation in the dark was insignificant. Moreover, it 
was expected that the presence of Fe3O4 nanoparticles on the ZnO structure would improve the 
removal efficiency of SMX by facilitating the charge transfer and by reducing recombination of 
electron and hole pairs. However, this enhancement was not significant. This may be due the 
reduction of specific surface area of Fe-ZnO compared to ZnO as mentioned in Section 4.4.2.1. 
Apparently, the presence g-C3N4 in conjugated structure (FZG) considerably increased the SMX 
removal compared to bare ZnO and Fe-ZnO due to the enhancement of quantum yield by 
reducing the recombination rate of e-/h+ pairs. The coating of g-C3N4 at equal initial weight ratio 
(FZG1), which led to the formation of tertiary composite of different semiconductors, showed 
the best performance with 95.1% removal after 90 min, indicating that the amount of g-C3N4 in 
conjugated system plays an important role in the photocatalytic degradation of SMX. This 
occurred because the addition of g-C3N4 up to the optimum value (about 10% in FZG1) 
improved both specific surface area and absorption yield by reducing the recombination of 
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photo-induced e-/h+ pairs in a conjugated system. Nevertheless, too much g-C3N4 as the 
protective layer reduces the penetration of light to the ZnO surface, which is the major section of 
composite photocatalyst. A high amount of g-C3N4 would agglomerate on the surface, reducing 
the availability of active sites and causing light screening effect (Li et al. 2017, Zou et al. 2017b). 
Moreover, the accumulated g-C3N4 on the surface can act as a recombination center for photo-
generated electron and holes and reduce the quantum yield of photocatalyst (Zou et al. 2017b). 
The overall micrometer-sized structure of hierarchical micro/nanostructure of FZG1 causes 
mechanical robustness against aggregation and wear and tear, whereas their nano-dimension 
provides high light-harvesting as well as a high surface area (Hu et al. 2008). Moreover, mass 
transfer limitation could be reduced due to the interconnected micro/nano porous structure in 
hierarchical photocatalyst (Li et al. 2016). 
 
 
Figure 4.34. Photocatalytic degradation of SMX by photolysis and photocatalytic degradation by using ZnO, Fe3O4-
ZnO, FZG0.5, FZG1, and FZG2, experimental condition: 
 
In order to evaluate the effect of g-C3N4 dose in hybrid photocatalysts, several potential by-
products were examined in the treated samples after 90 min reaction by using FZG0.5, FZG1, 
FZG2 and bare ZnO. In addition, the intensity of peaks was compared as the indicators of by-
products concentrations (Radjenovic and Petrovic 2017). A total of five by-products were 
identified by LC-HR-MS/MS method at the end of the reaction course (90 min), performed at 30 
mg/L initial SMX concentration (Table 4.10) The structural assignment of detected by-products 
was based on accurate mass measurements and the proposed pseudo-molecular formula for SMX 
degradation reported in the literature (del Mar Gómez-Ramos et al. 2011, Ioannidou et al. 2017b, 
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Radjenovic and Petrovic 2017). The relative peak intensity of by-product [m/z 236.048], which 
was produced by losing the OH of isoxazole ring, was about 2, 100 and 65% lower in the 
UV/FZG0.5, UV/FZG1 and UV/FZG2 processes, respectively, compared to the intensity 
obtained in the UV/ZnO process. The cleavage of S–N bond resulting from the OH⦁ attack on the 
sulfonamide bond led to the formation of [m/z 156.011] and [m/z 99.055]. In the case of [m/z 
156.011] by-product, all composites showed better performance compared to bare ZnO, although 
FZG1 with 100% reduction showed the best performance. For [m/z 156.011] by-product, the 
relative peak intensity in comparison with bare ZnO was -46, -79 and +36% in the UV/FZG0.5, 
UV/FZG1 and UV/FZG2 processes, which further confirm the importance of g-C3N4 amount in 
the composite. In addition, [m/z 190.097] product was not detected in the treated solution by 
FZG1 and FZG2, while 31% reduction in the peak intensity was obtained by FZG0.5. Finally, 
the relative peak intensity of hydroxylation product of benzene ring ([m/z 201.98]) was about -
71, -59 and -100% by UV/FZG0.5, UV/FZG1 and UV/FZG2 processes, respectively, compared 
to the intensity obtained in the UV/ZnO process.  
 
Table 4.10. By-products identified during the photocatalytic degradation of SMX after 90 min reaction by UV/ZnO, 
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*(Changing percentage compared to the UV/ZnO process) 





A possible charge transfer mechanism is proposed to elucidate the enhanced photocatalytic 
activity of the FZG composite compared to bare ZnO for the SMX degradation (Fig. 4.35). As 
shown in Fig. 4.26(e) and Table 4.9, the band gap (Eg) of ZnO and g-C3N4 is calculated as 3.2 eV 
and 2.7 eV, respectively. The employed UV lamp in this study is able to excite the g-C3N4 and 
ZnO photocatalysts to generate electron/hole pairs. The valence and conduction band edge 
potential of a semiconductor can be determined by using Eq. (4.5) and Eq. (4.6) (Mirzaei et al. 
2018a). As listed in Table 4.9, the conduction band edge potential of g-C3N4 is calculated as -
1.12 eV which is more negative than that of ZnO with -0.31 eV. Moreover, the CB potential of 
Fe3O4 is reported as +1.21 eV (Kumar et al. 2018). Therefore, during the photocatalysis process, 
the photo-induced electrons transfer from CB of g-C3N4 to the CB of ZnO and further to Fe3O4 
with a lower CB potential due to the heterojunction between g-C3N4, ZnO, and Fe3O4. As a result 
of electron deficiency of oxygen O2 molecules (unpaired electrons) photo-induced electrons can 
then transfer to the dissolved oxygen to generate 𝑂2
−⦁ as an important reductant radical. In 
addition, electrons can directly participate in the reduction of SMX and the generated 
intermediates. The oxidation potential of photo-generated holes in the VB of g-C3N4 is 
determined as +1.58 eV which is significantly lower than the oxidation potential needed for the 
generation of hydroxyl radicals (+2.69 eV). However, the redox potential of holes in the VB of 
ZnO with 2.89 eV is high enough to generate hydroxyl radicals. Meanwhile, these holes can 
directly oxidize SMX or the formed intermediates during the photocatalytic process. It is 
reported that the charge transfer between semiconductors effectively reduces the electron-hole 
pairs recombination rate and prolongs the lifetime of the generated charge carriers (Kumar et al. 





Figure 4.35. Band positions diagram and charge carriers transfer between ZnO, g-C3N4 and Fe3O4. 
 
Considering that FZG1 photocatalyst showed the best performance for SMX removal and 
formation of lower by-products, this catalyst was selected for the ensuing experiments.  
 
4.4.2.3. Experimental design and data analysis 
The corresponding range of independent parameters including photocatalyt amount (X1), pH 
of solution (X2) and airflow rate (X3) had been determined based on the preliminary experiments, 
as presented in Table 4.11. 
 





-2 -1 0 +1 +2 
Photocatalyst 
concentration (X1) 
g/L 0.4 0.5 0.6 0.7 0.8 
pH of solution (X2) - 3 5 7 9 11 
Airflow rate (X3) L/min 0.5 1 1.5 2 2.5 
 
Table 4.12 presents the conditions of 20 experimental runs, and the experimental and 
predicted values of SMX degradation as the removal percentage. From the data in Table 4.12 a 
second-order polynomial equation was obtained to express the relationship between the response 
(Y) and process parameters (Eq. 4.19): 
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𝑌(%) = −144.47 + 380.67𝑋1 + 22.20𝑋2 + 53.44𝑋3 − 431.61𝑋1
2 − 1.58𝑋2
2 − 21.26𝑋3
2 + 5.54𝑋1𝑋2 +
77.98𝑋1𝑋3 − 4.14𝑋2𝑋3        (4.19)     
where Y is the SMX removal efficiency after 60 min reaction expressed in %. 
Table 4.12. Experimental design conditions and responses of each experimental run. 
Run 
Coded values of parameters Actual values of parameters 
Y (SMX removal 
efficiency %) 
X1 X2 X3 X1 X2 X3 Actuala Predictedb 
1 +1 +1 +1 0.7 9 2.0 
75.12 73.51 
2 -1 -1 -1 0.5 5 1.0 
72.91 73.73 
3 0 -2 0 0.6 3 1.5 
74.00 74.76 
4 -1 -1 +1 0.5 5 2 
84.00 81.67 
5 0 0 +2 0.6 7 2.5 72.13 74.91 
6 0 0 0 0.6 7 1.5 88.35 88.72 
7 0 0 0 0.6 7 1.5 88.30 88.72 
8 0 0 0 0.6 7 1.5 88.69 88.72 
9 0 0 0 0.6 7 1.5 89.00 88.72 
10 0 +2 0 0.6 11 1.5 52.00 52.02 
11 +2 0 0 0.8 7 1.5 75.12 75.15 
12 +1 -1 +1 0.7 5 2.0 92.16 90.95 
13 +1 +1 -1 0.7 9 1.0 65.00 66.55 
14 0 0 -2 0.6 7 0.5 
62.00 60.00 
15 +1 -1 -1 0.7 5 1.0 
67.00 67.41 
16 0 0 0 0.6 7 1.5 
88.46 88.72 
17 0 0 0 0.6 7 1.5 
88.72 88.72 
18 -1 +1 -1 0.5 9 1.0 
68.00 68.42 
19 -1 +1 +1 0.5 9 2.0 61.00 59.80 
20 -2 0 0 0.4 7 1.5 67.00 67.75 
a actual SMX removal determined by experiment. 
b predicted SMX removal calculated according to Eq. (4.19) by Minitab V.16 software. 
 
 
Statistically, a small p-value (<0.05) and a large F-value indicate the significance of a model 
or a parameter (Hou et al. 2012). As shown in Table 4.13, due to a high F-value (733.41) and 
very low probability (p<0.0001), the regression model for SMX removal was found to be highly 
significant (Xiao et al. 2017). The predicted R2 and adjusted R2 values are 0.9896 and 0.9802, 
respectively. These values, which are close to one, further confirm that the model is adequate for 
100 
 
the regression of data. Judging by the F-values of variables, the order in which the independent 
parameters affected the SMX removal efficiency was: solution pH > photocatalyst concentration 
> airflow rate. 










Model 9 2622.40 291.38 105.32 0.000 
Linear 3 794.02 264.67 95.66 0.000 
Square 3 1559.74 519.91 187.92 0.000 
Interaction 3 268.64 89.55 32.37 0.000 
X1 1 54.80 54.80 19.81 0.001 
X2 1 516.99 516.99 186.86 0.000 
X3 1 222.23 222.23 80.32 0.000 
X1.X1 1 139.04 468.39 169.30 0.000 
X2.X2 1 710.46 1007.81 364.26 0.000 
X3.X3 1 710.24 710.24 256.71 0.000 
X1.X2 1 9.83 9.83 3.55 0.089 
X1.X3 1 121.60 121.60 43.95 0.000 
X2.X3 1 137.20 137.20 49.59 0.000 
Residual error 10 27.67 2.77   
Lack of fit 5 27.31 5.46 77.26 0.000 
Pure error 5 0.35 0.07   
Total 19 2650.06    
R2= 0.9896, R2 (adj.) = 0.9802 
 
4.4.2.4. Effect of operating parameters on the removal efficiency of SMX 
 
Fig. 4.36(a) and (b) present the variations of SMX removal as a function of the photocatalyst 
concentration (X1) and solution pH (X2) by 3D and contour plots, respectively. The dependence 
of SMX removal on the catalyst concentration (X1) and airflow rate (X3) is illustrated in Fig. 
4.36(c) and (d) by 3D and contour plots, respectively. As seen, the SMX removal efficiency 
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increased by the increase of catalyst concentration up to the optimum value (0.65 g/L) and then it 
decreased. By increasing the catalyst concentration, the number of active sites, photon adsorption 
and contaminant adsorption increase, which lead to the direct elimination of contaminants or the 
generation of higher amounts of reactive species such as e-, h+, OH⦁, and 𝑂2
⦁− (Mirzaei et al. 
2016). However, the increase of catalyst concentration higher than the optimum value decreased 
the penetration of light, due to the shielding effect of high photocatalyst concentration, and 
increasing the agglomeration and sedimentation of nanoparticles and reducing the accessibility 
of contaminants to the active sites (Gong and Chu 2015, Neppolian et al. 2002). Moreover, it is 
reported that at high photocatalyst loading, the photoexcited photocatalysts may be deactivated 

































































































Figure 4.36. (a-b) 3D and contours surface plots of SMX degradation efficiency (%) for catalyst dosage vs pH, (c-d) 






As shown in Fig. 4.29, the zero point charge of FZG is determined as ~3. Therefore, during 
all reported experiments, the surface of photocatalyst was negatively charged. On the other hand, 
when the pH of solution is higher than pKa1 and lower than pKa2, SMX is mainly present in the 
neutral molecular state (Radke et al. 2009, Xiao et al. 2017), which has a higher light absorption 
capacity compared to the anionic or cationic forms (Niu et al. 2013). The pKa1 and pKa2 of SMX 
are 1.85 and 5.60, respectively (Xiao et al. 2017). The different molecular forms of SMX at 
different pH values are shown in Fig. 4.37. 
 
 
Figure 4.37. Different forms of sulfamethoxazole (SMX) at various pH values (Radjenovic and Petrovic 2017). 
 
Fig. 4.36 shows that very acidic conditions are disadvantageous to SMX removal by the FZG 
composite. This happens because in strong acidic condition, both SMX and surface of FZG are 
positively charged and the adsorption capacity of photocatalyst toward SMX is reduced due to 
the repulsion force. Therefore, direct oxidation by photo-induced holes will be prevented at 
strong acidic condition. Generally, by increasing the pH value the efficiency of photocatalytic 
oxidation increases (Mirzaei et al. 2016), since the number of hydroxyl ions as the main 
precursor of hydroxyl radicals increases (Mirzaei et al. 2017b). However, at pH values more than 
the pKa2 of SMX, the photocatalyst surface and SMX are both negatively charged. Therefore, the 
removal efficiency decreases by increasing the pH value higher than 6, due to the repulsion 
force. Moreover, the affinity of reactive oxidants such as OH⦁ radicals is generally lower to react 
with negatively charged compounds, leading to the reduction of SMX removal efficiency 
(Boreen et al. 2004, Gong and Chu 2015, Radke et al. 2009). As shown in Table 4.14, pH of 5.67 
is suggested by the Minitab 16 statistical software as the optimum pH for SMX removal which is 
very close to the pKa2 of SMX.  
It has been previously shown that aeration is an important factor in the photocatalysis process 




the solution (Chin et al. 2007, Nishio et al. 2006). As seen in Fig. 4.36(c) and (d) the increase of 
airflow rate up to the optimum value (1.89 L/min) had a positive effect on SMX removal. This is 
due to the fact that dissolved oxygen is strongly electrophilic and acts as the most important 
electron acceptor from the conduction band of photocatalyst (Lin et al. 2009, Pelaez et al. 2011). 
Dissolved oxygen molecules supplied to the liquid from air reduce the effect of unfavorable 
recombination of electrons and holes in the photocatalysis process (Nishio et al. 2006). 
Moreover, the extent of aeration can affect the size of photocatalyst aggregates and the 
accessible surface area (Chin et al. 2007). Nevertheless, the airflow rate higher than the optimum 
value led to the decrease of SMX removal, which could be attributed to the presence of a high 
number of air bubbles that reduce light penetration into the solution by the scattering effect 
caused by the smooth surface of bubbles (Mirzaei et al. 2016). Moreover, the surface of 
photocatalyst becomes highly oxygenated at high airflow rates. This limits the adsorption of 
contaminants and hydroxyl ions at active sites, which are essential to the direct oxidation of 
contaminants and OH⦁ radical generation, respectively (Lin et al. 2009). In order to evaluate the 
accuracy of the developed model to predict the optimum values of parameters for “maximizing” 
the SMX removal as the target objective, a verifying experiment was conducted under the 
optimized condition. As shown in Table 4.14 the SMX removal achieved after 60 min reaction is 
close to the predicted values from Eq. 4.19, which further confirms that the adopted strategy to 
optimize the SMX removal process by RSM was successful. 
Table 4.14. Optimum values of operating conditions and comparison of experimental and predicted values for SMX 




Photocatalyst dosage (g/L) (X1) 0.65 
pH of solution (X2) 5.67 
Airflow rate (L/min) (X3) 1.89 
Predicted SMX removal (%) after 60 minb 92.51 % 
Experimental SMX removal (%) after 60 min 90.4 % 
a The initial SMX concentration is 30 mg/L 
b The values were calculated from Eq. (4.19) 
 
 
There have been numerous reports on the photocatalytic degradation of SMX using UV 
lamps. It is reported that in comparison with UVA or UVB lamps, using UVC lamp would 
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enhace the removal efficiency due to synergistic effects of photolysis and  photocatalytic 
mechanisms (Kim and Kan 2016, Nasuhoglu et al. 2011, Rioja et al. 2014). However, most 
reporetd studies on SMX removal have employed UV lamps emitting radiation either in UVA or 
UVB range. For comparison, Table 4.15 has summarized only the reported studies on 
photocatalytic removal of SMX by using UVC lamp. It should be noted that several parameters 
such as photoreactor design, catalyst dosage, solution pH, water matrix, initial SMX 
concentrations, etc. can also affect the photocatalytic efficiency (Mirzaei et al. 2018c). 
Interestingly, a high extent of mineralization at a relatively short treatment time was achieved in 
this study, which is comparable with previously reported SMX removal under UVC, as listed in 
Table 4.15.  
 
Table 4.15. Comparison of reported efficiencies of removal and mineralization of SMX by photocatalytic process 
under UVC irradiation. 




TiO2 Degussa P25 
[Photocatalyst] = 0.5 g/L 
UVC, 
Lamp Power: n.a. 
[SMX]0 =12 mg/L 
Volume = 1600 mL 
Solution pH = n.a. 
 100% SMX removal (30 min) 
 87% COD removal (360 min) 









[SMX]0 =10 mg/L 
Volume = 100 mL 
Solution pH = 4 
 91% SMX removal (360 min) 
 81% COD removal (360 min). 
 Toxicity substantially reduced 








[SMX]0 = 1mM 
Volume = 1000 mL 
Solution pH = 4.8 
 95% SMX removal (30 min) 
 80% COD removal (90 min) 
 Toxicity substantially reduced 
after 30 min treatment. 
(Mirzaei et al. 
2018c) 
TiO2 Degussa P25 
[Photocatalyst] = 0.5 g/L 
UV-LED, 
λmax= 250 nm, 
Output power: 
10 mW 
[SMX]0 = 20 mg/L 
Volume = 150 mL 
Solution pH = 4 
 About 100% SMX removal (60 
min) 
 59.9% TOC removal (180 min) 
(Eskandarian 
et al. 2016) 
Au–Cu/TiO2 
[Photocatalyst] = 0.5 g/L 
UV-LED, 
λmax= 250 nm, 
Lamp Power: n.a. 
[SMX]0 = 30 mg/L 
Volume = 250 mL 
Solution pH = 5.5 
 100% SMX removal (45 min) 
 ~40% TOC removal (90 min) 
(Zanella et al. 
2017) 
ZnO 




[SMX]0 =10 mg/L 
Volume = 200 mL 
Solution pH = 4 
 80% SMX removal (60 min) 
 20.8% TOC removal (360 min) 
(Pourmoslemi 
et al. 2016) 
Magnetic ZnO@g-C3N4 




[SMX]0 =30 mg/L 
Volume = 1000 mL 
Solution pH = 5.67 
 ~100% SMX removal (90 min) 
 64% COD removal (90 min) 
 45% TOC removal (90 min) 
 Toxicity substantially reduced 





4.4.2.5. Kinetics of SMX removal 
As shown in Fig. 4.38 the first-order rate constant for SMX removal by FZG was 0.0385 
min-1 which is about 2.3 times higher than the rate obtained by using commercial ZnO, further 
confiming the improvement of photocatalytic activities in composite form. The effect of natural 
radical scavengers on the rate of SMX removal was evaluated in the presence of 1 mM calcium 
sulfate, sodium chloride, sodium nitrate or sodium bicarbonate under the optimum conditions for 
SMX removal. As seen from Fig. 4.38(b) the rate of SMX removal decreased in the presence of 
all examined anions due to their radical scavenging effects, while chloride ion showed the most 
inhibitory effect. This may be due to the properties of chloride that can act as both hole and 
hydroxyl radical scavenger (Karaca et al. 2016). The rate constant of SMX removal was reduced 
from 0.0385 to 0.0235 min-1 in the presence of chloride. Since  the surface of FZG is negatively 
charged under optimum conditions, the adsorption of anions on the surface of FZG is unlikely to 
occur, suggesting that the observed reduction of SMX removal rate constant is mostly related to 
the reactions of OH⦁ radicals with the examined anions. Following the effect of chloride, the 
extent of reduction of SMX removal rate constant in the presence of scavengers correlated with 
the rate constants of reactions between OH⦁ radicals and scavengers, which have been reported to 
be 3.9×108, 1.5×106 and 5×105 M-1s-1 for carbonate, nitrate and sulfate, respectively (Sasi et al. 
2015). Accordingly, the rate constant of SMX removal was reduced from 0.0385 min-1 to 0.0272, 
0.0308 and 0.0342 min-1 in the presence of carbonate, sulfate and nitrate, respectively. 
 
 
Figure 4.38. (a) First-order kinetic plots for SMX removal by commercial ZnO and FZG in the absence and 
presence of anions; (b) first-order kinetic rate contants. Experimental condition: [SMX]0= 30 mg/L, [catalyst]0= 
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4.4.2.6. COD and TOC removal 
As shown in Fig. 4.39, under the optimum operating conditions, the removal of COD and 
TOC was approximately 64% and 45%, respectively, after 90 min of reaction. However, during 
this period about 99% SMX removal was achieved, suggesting that SMX was transformed into 
persistent by-products during the treatment process. Considering that the generated by-products 
may be more toxic than their parent compounds, the possible change in the solution toxicity after 
the treatment process was assessed.  
 
Figure 4.39. Degree of mineralization of SMX as COD and TOC removal; experimental condition: [SMX]0= 30 
mg/L, [catalyst]0= 0.65 g/L, pH= 5.87, airflow rate =1.89 L/min. 
 
4.4.2.7. Toxicity assessment 
Fig. 4.40 illustrates the percentage inhibition (PI) of SMX solution at different treatment 
times using photocatalytic degradation by FZG under optimum operating conditions. The results 
showed a high percentage of solution inhibition (27%) against E. coli bacteria before treatment. 
After 20 min treatment, the toxicity of SMX solution as PI was considerably reduced, although it 
was still above the “non-toxic” range (-10%<PI<10%). Longer treatment times up to 60 and 90 
min led to the reduction of PI to 6% and 5% respectively, which are lower than the toxic 
































Figure 4.40. Changes in toxicity as the percentage inhibition of E. coli bacteria before and after the treatment of 
SMX solution by FZG under the optimum conditions. 
 
 
Figure 4.41. Well-agar diffusion method and magnified images of wells after (a) 0 min, (b) 20 min, and (c) 60 min 
treatment. 
 
The results of agar-well diffusion method utilized to further evaluate the change of solution 
toxicity are shown in Fig. 4.41. As shown in Fig. 4.41(a) the initial SMX solution was toxic to E. 
coli and a clear inhibition zone was formed around well number 0. The diameter of this 
inhibition zone was reduced after 20 min treatment while it was totally removed after 60 min 
reaction, further confirming the efficiency of catalytic process for toxicity reduction. The 
magnified images of inhibition zones after 20 min and 60 min treatment and the growth of E. coli 
colonies around wells are shown in Fig. 4.41(b) and (c) respectively. 
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4.4.2.8. Transformation pathway and by-product formation 
During the photocatalytic oxidation process, numerous degradation products (DPs) may be 
formed due to the non-selective nature of OH⦁ radicals (Hu et al. 2007a). A total of eleven DPs 
were identified by LC-HR-MS/MS method at various time intervals during a 60 min reaction 
course, performed at 30 mg/L initial SMX concentration. The analysis was performed in positive 
ionization modes and the structural assignment of detected DPs was based on accurate mass 
measurements and the proposed pseudo-molecular formula for SMX degradation reported in the 
literature (del Mar Gómez-Ramos et al. 2011, Ioannidou et al. 2017a, Radjenovic and Petrovic 
2017). The evolution profile of DPs based on their peak intensities are illustrated in Fig. 4.42(a) 
and (b) for high-intensity and low-intensity DPs, respectively. The proposed degradation 
pathways are illustrated in Fig. 4.43. The extracted ion chromatograms (XICs) of detected 
degradation products are shown in Fig. S1 in appendix. The product of hydroxylation of 
isoxazole ring or benzene ring (DP 300) was detected with a relatively high peak intensity. This 
DP remained stable and unchanged during the reaction course and its probable derivatives (DPs 
with [M+H]+ > 254) were not detected. The resistance of hydroxylated form of SMX during the 
oxidation process is reported before (Hu et al. 2007a). As shown in Fig. 4.43 the cleavage of S–
N bond resulting from the OH⦁ attack on the sulfonamide bond and the subsequent abstraction of 
sulfone moiety is a main transformation pathway proposed in this study for the degradation of 
SMX. A number of organic intermediates accumulate during the first 30 min of degradation, but 
the intensity of their peaks was considerably reduced at longer degradation times. Most of the 
detected DPs contained nitrogen but not sulfur, indicating that sulfone moiety of SMX is more 
labile compared to nitrogen which is consistent with the results reported by Hu et al. (Hu et al. 
2007a). While the concentrations of identifiable organic DPs were reduced below detection 
limits at longer treatment times, the formation of more stable by-products during the reaction is 
evident from the lower rates of TOC and COD removal compared to their initial rates. Although 
the mineralization of parent contaminant was not completed, the reported treatment is sufficient 




Figure 4.42. Evolution of major degradation products (DPs) with (a) high-peaks intensities and (b) low intensities 
in photocatalytic degradation of SMX under optimum conditions. 
 
 
Figure 4.43. Proposed degradation pathway of SMX by photocatalytic degradation by using FZG. 
 
4.4.2.9. Stability of the synthesized catalyst 
The reusability of FZG1 was evaluated after 5 consecutive experimental runs as illustrated in 
Fig. 4.44(a). The FZG1 nanoparticles were readily and quickly separated from the aqueous 
solution in 1 min, whereas the ZnO suspensions did not clarify by gravity even after 90 min. 
After each experiment, the photocatalyst particles were separated and washed several times with 
deionized water and were dried at 100 °C overnight and then they were used in the subsequent 

























































































































observed after five experimental runs, which indicate the high stability of the synthesized 
photocatalyst. The photocorrosion of ZnO mainly occurs due to the self-oxidation of ZnO based 
on Eq. (3.9). 
 
Figure 4.44 (a) Recyclability of FZG1 photocatalyst (five successive experiments) for the degradation of SMX, (b) 
release of zinc and iron ions into the solution as a function of time for Fe-ZnO and FZG1, experimental conditions: 
[SMX]0= 30 mg/L catalyst dosage: 0.5 g/L, initial solution pH=7, air flow rate = 1.5 L/min 
 
In this regard, certain strategies have been proposed to slow down the self-oxidation rate and 
increase the stability of ZnO. For instance, hybridization with carbon materials such as C60 (Fu et 
al. 2008), carbon nanotube (Han et al. 2014), graphite-like carbon layers (Zhang et al. 2009b), 
graphene (Chen et al. 2013) and monomolecular-layer polyaniline (PANI) (Zhang et al. 2009a) 
are used to suppress the photocorrosion of ZnO. Despite the relative success of the previously 
proposed processes to inhibit the photocorrosion of ZnO, the use of g-C3N4 as the protective 
layer, as presented in this study, provides the following important benefits: First, g-C3N4 protects 
the surface of photocatalyst against self-oxidation, and second, it improves the efficiency of 
SMX removal as a conjugated semiconductor by generating electron and hole pairs, thus 
facilitating the charge separation and increasing the specific surface area. In addition, based on 
Eq. (3.9), the release of Zn2+ ion into the solution was used as the indicator of photocorrosion. As 
seen from Fig. 4.44(b), the concentration of Zn+2 in the solution increased during the treatment 
course for both Fe-ZnO and FZG1. However, the release of Zn2+ from FZG1 into the treated 
solution was considerably lower than the release from Fe-ZnO which further indicates the 
effectiveness of g-C3N4 as the protective layer. As shown in Fig. 4.44(b), the release of iron ions 










































to the low content of Fe3O4 in the photocatalyst structure, the maximum amount of iron ion after 
90 min reaction was measured to be 0.29 (mg/L) for Fe-ZnO, while in the case of FZG1 the iron 
concentration was lower than the detection limit of atomic absorption spectrometer (0.11 mg/L) 
even after 90 min reaction. This result further confirms the higher stability of FZG1 compared to 
Fe-ZnO. Moreover, it is reported that a hierarchical structure of semiconductor leads to the 
higher stability against aggregation (Li et al. 2016, Wang et al. 2010a). Thus, the self-oxidation 
of photocatalyst, which is initiated by aggregation, will be hindered by hierarchical 
configuration. The high stability of FZG1 synthesized in this study could be attributed to the 
synergistic effect of hierarchical micro/nanostructure, reduced aggregation and the use of g-C3N4 
as an effective protective layer.  
4.4.3. Conclusions and remarks related to the removal of SMX by Fe3O4@ZnO@g-
C3N4 
In this phase of research, a petal-like photocatalyst, Fe3O4-ZnO@g-C3N4 (FZG) with 
different g-C3N4 to ZnO ratios was synthesized with hierarchical structure. The FZG1 
photocatalyst, having the weight ratio of 1:1 for the initial urea and Fe3O4-ZnO (Fe-ZnO), 
presented the highest sulfamethoxazole (SMX) degradation rate, which was 2.6 times higher than 
that of pristine ZnO. After selecting the best photocatalyst, the effect of catalyst dosage (0.4-0.8 
g/L), solution pH (3-11) and airflow rate (0.5-2.5 L/min) on the SMX removal efficiency and the 
optimization of process was studied by RSM. Besides the facile separation, the performance of 
photocatalyst was improved due to the function of iron oxide as an electron acceptor that reduced 
the electron/hole recombination rate. The coating of g-C3N4 on the Fe-ZnO surface not only 
acted as a protective layer for ZnO against photocorrosion, but it also enhanced the 
photocatalytic activity of the catalyst for SMX degradation through the heterojunction 
mechanism. Under the optimum conditions, i.e. 0.65 g/L photocatalyst concentration, pH=5.6 
and airflow rate=1.89 L/min, 90.4% SMX removal was achieved after 60 min reaction. The first-
order kinetic rate constant for SMX removal by using FZG was 0.0384 min-1 while the rate 
constant by commercial ZnO was 0.0165 min-1. Moreover, under the optimum conditions, about 
64% COD removal and 45% TOC removal and a considerable reduction in toxicity were 
observed. The analysis of generated intermediates during the photocatalytic degradation of SMX 
was conducted by LC-HR-MS/MS method and a degradation pathway was proposed.  
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The majority of studies in photocatalysis nowadays emphasize the need for visible-driven 
photocatalysts for sustainable solar-based water treatment technology. It is reported that 
approximately 45% of published papers in photocatalysis targeted visible light activity or 
sunlight-driven treatment (Cates 2017). However, the efficiency of visible-driven photocatalysts, 
high area footprints that would result in replacing UV lamp reactors with solar irradiation and 
high energy consumption in the case of replacing visible with UV lamp, should also be 
considered. Consequently, in the following section, a UV/Visible driven photocatalyst was 
synthesized and its performance for removal of AMX was evaluated. 
4.5. Removal of AMX by magnetic fluorinated g-C3N4 under UV and visible light  
4.5.1. Experimental condition 
The photocatalytic experiments with UV and visible light were performed in batch mode of 
operation. The schematic diagram of UV-driven cylindrical photoreactor is provided in Fig. 3.1 
and Fig. 3.2(a). A 500 W halogen lamp with a UV cutoff filter (>400 nm) was used as the light 
source in visible-driven experiments as shown in Fig. 3.2(b). In both UV and visible-driven 
experiments, photocatalysts at 1 g/L concentration were used and the pH of solution was 
adjusted to 7. Millipore Milli-Q deionized water (DIW) was used to prepare AMX solution at 
0.25 mM initial concentration and air at 1.5 L/min flowrate was bubbled into the solution. The 
solution temperature was maintained at 25 ºC by using a cooling water system. Before 
irradiation, the solution was circulated for 60 min to ensure the achievement of 
adsorption/desorption equilibrium. 
4.5.2.  Results and discussion 
4.5.2.1. Characterization of photocatalysts 
Fig. 4.45(a) shows the XRD patterns of Fe3O4, bare g-C3N4, and nanocomposites with 
different Fe3O4 contents. The peaks at 2θ = 18.3º, 30.2º, 35.6º, 43.2º, 53.6º, 57.1º, 62.6º and 74.2º 
are indexed as (111), (220), (311), (400), (422), (511), (440), and (553) planes of magnetite 
(JCPDS: 19-0629) (Hou et al. 2016). These sharp narrow peaks indicate that Fe3O4 is highly 
crystalline. For the bare g-C3N4, the small peak at 13.2º corresponds to the tri-s-triazine unit 
plane (100) (Shen et al. 2016), while the peak at 27.6º is indexed to the (200) plane which arises 
from the interlayer-stacking of the conjugated aromatic segments (Zhao et al. 2014). Both 
corresponding peaks of GF are sharper than that of bare g-C3N4. This is due to the rearrangement 
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of g-C3N4 structure during the hydrothermal exfoliation process (Han et al. 2016, Zhao et al. 
2014). Moreover, as shown in Fig. 4.46 the (002) peak of g-C3N4 is shifted from 27.1º to 27.6º, 
indicating a decreased gallery distance between the layers during the hydrothermal process 
(Dong et al. 2017). This happens because during the NH4F-assisted exfoliation, strong acid (HF) 
is produced by the hydrolysis of NH4F which leads to the cleavage of g-C3N4 layers. The 
cleavage of g-C3N4 layers by strong acids such as HCl (Dong et al. 2017, Ma et al. 2014, Zhang 
et al. 2014) and H3PO4 (Shi et al. 2016) has been reported before. Compared with the pure 
counterparts, the XRD patterns of FeGF composites contain the peaks of both Fe3O4 and g-C3N4, 
and the intensity of Fe3O4 peaks gradually increases with the increasing of Fe3O4 content. At a 
higher Fe3O4 percentage (FeGF2 and FeGF3) even the weak peaks of Fe3O4, such as those in the 




Figure 4.45. (a) XRD patterns, (b) FTIR spectra, (c) Nitrogen adsorption–desorption isotherms (inset: pore size 
distribution), (d) UV–vis diffuse reflectance spectra, (e) PL emission spectra, and (f) band gaps (Eg) of g-C3N4,GF, 
FeGF1, FeGF2 and FeGF3 
This indicates that Fe3O4 has been successfully introduced into the g-C3N4 structure and both are 





Figure 4.46. Magnified (002) peak of XRD pattern of g-C3N4 and exfoliated g-C3N4 (GF). 
 
Fig. 4.45(b) shows the FTIR spectra of bare g-C3N4, GF and FeGF composites. In all 
samples, the band at 806 cm-1 corresponds to the breathing mode of triazine units (Shen et al. 
2016). The absorption band at 1620 cm-1 is attributed to C=N stretching (Wang et al. 2012), 
while the peaks at 1322, 1423 and 1572 cm-1 can be attributed to the stretching modes of 
aromatic C-N (Ge et al. 2012). As shown, all these peaks shifted to a higher wavelength after 
fluorination, indicating the strong interaction between the fluorine element and the s-triazine 
ring. The broad bands at around 3100 cm-1 are related to the N-H stretching vibration modes 
(Yan et al. 2009) which indicates that the amino functional group still existed in all samples (Xie 
et al. 2016). The broad bands at 3200-3600 cm-1 correspond to the physically adsorbed H2O 
molecules (Shen et al. 2016). A peak at 2970 cm-1 is observed for the FeGF composites and its 
intensity is increased by increasing the Fe3O4 content of composites which results from the C-H 
vibration (Tang et al. 2017). As shown in Fig. 4.45(b), the fluorination of g-C3N4 led to the 
formation of a new band at 1220 cm-1, which is related to the stretching mode of C-F bond 
(Wang et al. 2010b). Fig. 4.45(c) shows the N2 adsorption–desorption isotherms and pore size 
distribution of g-C3N4 and FeGF2 samples. As seen, both isotherms are recognized as type IV 
with the hysteresis loop. The BET surface area of FeGF2 sample was 242.71 m2/g which is about 
6 times higher than that of bare g-C3N4 with 37.85 m
2/g. The enhancement of specific surface 
area is due to the exfoliation of g-C3N4 sheets by the acid-assisted hydrothermal treatment 
(Zhang et al. 2014) and/or results from the presence of in-plane pores and the crumpled layered 
structure (Shi et al. 2016). Compaired to bare g-C3N4, the hysteresis loops of FeGF2 become 
larger and shifts to a lower relative pressure, indicating the formation of enlarged mesopores 

















during exfolation (Dong et al. 2014). The pore volumes of g-C3N4 and FeGF2 were calculated as 
0.082 cm3/g and 0.427 cm3/g, respectively. The corresponding pore size distributions measured 
by BJH method are provided in the inset of Fig. 4.45(c). For both photocatalysts, pores are 
broadly distributed. The pore size distribution curve of FeGF2 shows a sharp peak at ~3.1 nm 
and a broad distribution in the range of 5–30 nm, which demonstrates that the micro/mesoporous 
structure of FeGF2 was well developed, while that of bare g-C3N4 has only negligible peaks. 
This dramatically increased the BET surface area, while the micro/mesoporous structure of 
FeGF2 should be beneficial for photocatalysis because it facilitates the mass transfer of reagents 
and the light harvesting by the multiple scattering effect. It also provides more catalytic active 
sites for photoredox reaction compared to bare g-C3N4 (Cui et al. 2012, Shi et al. 2016). The 
photocatalytic activity closely depends on the optical absorption ability of photocatalysts (Zhu et 
al. 2018). The UV–vis absorption spectra of g-C3N4, GF and FeGF composites are shown in Fig. 
4.45(d). Clearly, all photocatalysts showed absorption in both UV and visible light region. 
Interestingly, fluorination enhanced the absorption in visible region and reduced the band gap 
from 2.7 eV to 2.52 eV compared to bare g-C3N4. The red shift of UV-vis spectrum by 
fluorination is different from protonation where g-C3N4 experienced a blue shift, suggesting that 
the process involved the doping of fluorine into the C-N matrix rather than the physical surface 
adsorption of F- ions (Wang et al. 2010b). Moreover, the addition of Fe3O4 into the structure 
further increased the visible light absorption and strengthened the absorption intensity with the 
increase of Fe3O4 content. The higher light absorption of FeGF composites can be attributed to 
the intercalation effect of Fe3O4 nanoparticles which causes multiple absorption of reflected light 
in the interior space between layers (Zhu et al. 2017). Fig. 4.45(e) illustrates the band gap (Eg) 
calculation of samples. As shown, the Eg of g-C3N4 was 2.7 eV which is compatible with 
previous reports (Miao et al. 2017, Wang et al. 2010b). Due to the narrower Eg of Fe3O4, the 
band gap of FeGF composites decreased from 2.7 to ~2.3 eV for FeGF3. As shown in Fig. 
4.45(f), the excited g-C3N4 sample showed a strong PL emission which is caused by 
recombination of charge carriers (Zhang et al. 2013, Zhu et al. 2017). The strong PL emission 
behavior of g-C3N4 is consistent with previous studies (Dong et al. 2014, He et al. 2014). The PL 
emission was significantly weakened in the case of GF by fluorination. Addition of Fe3O4 further 
reduced the PL emission. Nevertheless, compared to FeGF2, the FeGF3 sample showed a 
slightly higher PL emission. The reduction in PL peak intensity is associated with the charge 
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Figure 4.47. XPS survey spectra (a), high-resolution XPS spectra of the C1s region (b), N1s region (c), Fe2p (d), 
F1s (e) and O1s region (f) of FeGF2. 
 
The XPS survey spectra and high-resolution spectra of FeGF2 elements are presented in Fig. 
4.47. The survey spectra in Fig. 4.47(a) show that the FeGF2 sample is mainly composed of C 
and N elements, as expected. The high-resolution XPS spectra of C1s in Fig. 4.47(b) can be 
fitted into two peaks at 286.8 and 289.9 eV, corresponding to C–O from the adsorbed CO2 (Zhu 
et al. 2015) and 289.9 eV corresponding to N=C-N2 coordination (Leong et al. 2015). The high 
resolution of N1s (Fig. 4.47(c)) consists of three peaks at 398.6, 399.6 and 401.3 eV which are 
characteristics of C=N-C, (C)3-N and C-N-H, respectively (Leong et al. 2015). In Fig. 4.47(d), 
two peaks located at 711.7 eV and 724.8 eV are attributed to Fe2p3/2 and Fe2p1/2, respectively 
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(Dong and Wu 2017). Because of the high electronegativity, fluorine is most certainly bound to 
carbon rather than to nitrogen (Wang et al. 2010b). As shown in Fig. 4.47(e), the peak at 686.2 
eV of F1s spectra is attributed to the F-C bond (Zha et al. 2017). The XPS peak at 686.2 eV and 
the FTIR band at 1220 cm-1 indicated that fluorine has been attached to C as the C-F bond rather 
than to other elements (Wang et al. 2010b). The weak peak at the binding energy of 692 eV is 
associated with CF2 (Struzzi et al. 2017). In Fig. 4.47(f), the three peaks of oxygen in the FeGF2 
sample were attributed to O-Fe (530.1 eV), 𝐶𝑂3
2−(532.540 eV) and H–O–H (533.1 eV) (Jiang et 
al. 2015).  
The morphology of FeGF samples was investigated by the SEM techniques. As shown in 
Fig. 4.48(a-c), the FeGF1 sample shows aggregation of many wrinkled sheets with irregular 
shapes and pyramid-like structure and relatively smooth faces in certain parts. As seen in Fig. 
4.48(d-f), the hydrothermal exfoliation of FeGF2 up to 180 ºC changed a part of the sample to a 
















   




Figure 4.48. (a-c) SEM images of FeGF1, (d-f) FeGF2, (g-i) FeGF3, (i-l) Fe3O4 samples at different magnifications, 
(m) elemental mapping of N, C, Fe, O and F of FeGF2. 
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The small particles of Fe3O4 are clearly observed on FeGF2 (Fig. 4.48(f)). However, as 
shown in Fig. 4.48(g-i), in the case of FeGF3, the Fe3O4 particles agglomerated on the GF, which 
reduces the active sites of the photocatalyst. The SEM images Fe3O4 at different magnifications 
are shown in Fig. 4.48(j-l). In addition, EDS mapping images of FeGF2 are presented in Fig. 
4.48(m) where the N, C, O, Fe, and F elements are clearly detected, further confirming that the 
Fe3O4 particles have been deposited uniformly on the fluorinated g-C3N4. 
TEM was employed to further examine the morphology of mesoporous FeGF2 (Fig. 4.49). A 
two-dimensional sheet-like structure consisting of wrinkles was observed in the FeGF2 sample 
which is similar to crumpled graphene (Luo et al. 2012). Fig. 4.49(a) shows the distribution of 
Fe3O4 nanoparticles on the porous g-C3N4 sheets. The high resolution image of FeGF2 in Fig. 
4.49(b) shows the decoration of Fe3O4, at the size of less than 30 nm, on the surface of g-C3N4 
sheets. The porous structure FeGF2 is clearly shown in Fig. 4.49(c). Fig. 4.49(d) shows the 
HAADF image of FeGF2 sample. Since, in the HAADF the contrast of image is strongly 
dependent on the atomic number (Z) and number of atoms in a column (samples thickness) (Li et 
al. 2008), this method has proven to be a powerful tool for the detection of compounds with 
different atomic number, thickness and porosity (Leary et al. 2012). Accordingly, in Fig. 4.49(d), 
the bright spots in the HAADF image show the decoration of Fe3O4 nanoparticles on g-C3N4 










Figure 4.49. (a-c), TEM images of FeGF2 samples, (d) high angle annular dark field (HAADF) STEM image of 
FeGF2. 
 
4.5.2.2. Photocatalytic performance and kinetics of contaminant removal 
As seen in Fig. 4.50(a), in the absence of photocatalysts, the AMX concentration was slightly 
reduced during the reaction course by photolysis. This is due to the low absorption of AMX 
molecules at the maximum emission intensity of low pressure UV lamp (Fig. 4.51) It has been 
reported that fluorination may change the adsorption capacity of photocatalysts towards organic 
compounds (Liu et al. 2012). As shown in Fig. 4.50(a), the adsorption of AMX was slightly 
enhanced by fluorination. In addition, fluorination promotes the generation of mobile free OH⦁ 
radicals instead of surface bounded radicals (Mirzaei et al. 2018c). Considering that the 
oxidation potential of mobile OH⦁ radicals (2.3 eV vs NHE) is higher than that of attached 
surface radicals (1.5-1.7 eV vs NHE), fluorination would increase the oxidation potential of OH⦁ 
radicals and removal efficiency of AMX. A significant enhancement of photocatalytic activity of 
g-C3N4 after fluorination for the oxidation of benzene to phenol has been reported (Wang et al. 
2010b). Moreover, most photocatalytic reactions take place on the surface of photocatalysts and 








2017a, Mirzaei et al. 2018c). Fluorination, also led to a stable dispersion of photocatalyst in the 
solution which is beneficial for the photocatalytic process. As shown in Fig. 4.52 the GF 
particles were stable even after 24 h, while, the g-C3N4 particles precipitated after 30 min. It is 
worth noting that in this study, other parameters such as the specific surface area and adsorption 
capacity were enhanced simultaneously. Moreover, based on Fig. 4.45(f), the PL intensity which 
is an indicator of recombination of the excited electrons and holes was drastically reduced after 
fluorination. Although fluorination enhanced the AMX removal efficiency, the overall effects of 
fluorination on photocatalytic reactions are complex and need further investigation. As shown in 
Fig. 4.50(a), the presence of Fe3O4 nanoparticles in the FG structure further enhanced the AMX 
removal efficiency. This improvement may be associated with the formation of heterojunction 
between Fe3O4 and GF. However, the photocatalytic activity of FeGF3 was reduced compared to 
FeGF2. In fact, the highest AMX removal was obtained by using the UV/FeGF2 process. The 
decline in photocatalytic activity may be caused by the excess Fe3O4 nanoparticles covering the 
photocatalyst active sites, thus producing a shielding effect (He et al. 2014, Zhu et al. 2018). 
Moreover, the excess amount of Fe3O4 in the photocatalyst can serve as the recombination center 
for electrons and holes (Zhou et al. 2013b) which is consistent with the slight enhancement of PL 
emission for FeGF3 in comparison with FeGF2 (Fig. 4.50(f)). The photocatalytic activity of 
FeGF2 for AMX removal was also evaluated under visible light. As shown in Fig. 4.50(a) the 
removal percentage of AMX by using visible light was lower than 40% even after 2 h treatment. 
The kinetics of AMX removal were studied by using the pseudo-first-order kinetics model (Eq. 
3.7). The rate constant for different photocatalysts under UV irradiation are shown in Fig. 








Figure 4.50. (a) Photocatalytic activity of photocatalysts for the degradation of AMX under UV and visible light, 
(b), apparent first-order rate constant; experimental condition: [AMX]0 = 0.25 mM, pH 7, [photocatalyst]0= 1 g/L, 
[scavenger]0= 2.5 mM  airflow rate = 1.5 L/min. 
 
4.5.2.3. Mechanism of reaction 
It is reported that hydroxyl radicals (OH⦁), photo-induced holes (h+), and superoxide radicals 
(𝑂2
⦁−) are the main reactive species during the photocatalytic degradation of organic pollutants 
(Cao et al. 2015). Under the light irradiation, the excited FeGF2 will generate electrons and holes 
(Eq. 4.20). Afterward, the photo-induced electrons rapidly move to the surface of FeGF2 and 
further to the Fe3O4 nanoparticles (Eq. 4.21) (Zhou et al. 2013b). These electrons can be 
subsequently transferred to dissolved oxygen and produce superoxide radicals (Eq. 4.22). The 
produced holes can also participate in the direct oxidation of AMX and generate intermediate 
compounds, by-products and/or ions (Eq. 4.23). However, the redox ability of holes is not strong 
enough to generate hydroxyl radicals (+2.38 eV vs NHE for OH⦁/OH-) (Zhu et al. 2017). 
Nevertheless, hydroxyl radicals may be produced by superoxides in an indirect pathway (Eqs. 
4.24 and 4.25) (Dong et al. 2014). 
𝑔 − 𝐶3𝑁4
𝑙𝑖𝑔ℎ𝑡
→    𝑔 − 𝐶3𝑁4(𝑒






→       𝐹𝑒3𝑂4(𝑒
−)      (4.21) 
𝑂2 + 𝑒
− → 𝑂2
⦁−        (4.22) 
ℎ+ +  AMX → intermedites/small molecules/ions    (4.23) 
𝑂2 + 2𝐻
+ + 𝑒− → 𝐻2𝑂2       (4.24) 
𝐻2𝑂2 + 𝑒
− →𝑂𝐻⦁ + 𝑂𝐻−        (4.25)  
Accordingly, experiments were conducted in the presence of 2.5 mM TBA, EDTA, and BQ 
as scavengers of OH⦁, h+ and 𝑂2
⦁− species, respectively. As shown in Fig. 4.53, the highest 
inhibition effect was observed when EDTA was added to the reaction, followed by TBA and BQ, 
respectively. Therefore, holes play an important role in the photocatalytic degradation of AMX 
by FeGF2 under UV irradiation, followed by hydroxyl and superoxide radicals. The dominant 
role of holes in AMX removal is consistent with the observations of Yang et al. (Yang et al. 
2017a) for the degradation of AMX. The presence of fluorine, which is the most electronegative 
element, on the surface of photocatalyst reduces the formation and contribution of °𝑂2
− by 
holding the electrons (Mirzaei et al. 2018c, Yu et al. 2009), while promoting the role of holes as 
strong species which can oxidize AMX or the generated intermediates on the surface of FeGF2 
which has a high surface area.  
 





Figure 4.52. (a) Photographs of GF nanosheets after storage for 24 h and (b) bare g-C3N4 nanosheets after storage 




Figure 4.53. Species-trapping experiments for degradation of AMX by FeGF2 photocatalysts; experimental 
condition: [AMX]0 = 0.25 mM, pH 7, [photocatalyst]= 1 g/L, [scavenger]0= 2.5 mM  airflow rate = 1.5 L/min. 
 
4.5.2.4. Identification of intermediates and AMX degradation pathway 
The identification of main transformation products (TPs) formed during the UV/g-C3N4 and 
UV/FeGF2 processes was conducted in an effort to propose a pathway for AMX degradation and 
to identify the potential intermediate compounds and by-products that may contribute to the 
solution toxicity (Fig. 4.54). The employed analytical methods allowed the detection of thirteen 
intermediate compounds during the degradation of AMX by the UV/FeGF2 process, and 
fourteen intermediates during its degradation by the UV/g-C3N4 process. The first possible 
pathway is the hydroxylation (+16 Da) of AMX which may occur at different positions of the 
AMX molecule such as benzoic ring or nitrogen moiety (TP 382). The identification of the exact 
position of hydroxylation on the AMX molecule is difficult by solely relying on the employed 




(C6H10NO2S) and fragment [m/z =160.04] in their mass spectrum (data is not shown), suggesting 
that the thiazolidine ring of AMX is not susceptible to hydroxylation. This observation suggests 
that the benzoic ring or amine group of AMX which possess electrophilic characteristics is more 
prone to radical attack. Nevertheless, the presence of [m/z=189.06] fragment which corresponds 
to the C7H13N2O2S formula (Fig. 4.55) implies that the OH⦁ radical most likely attached to 
nitrogen rather than to the benzoic ring. This intermediate can further lose the amine moiety and 
produce TP 365. Another possible transformation pathway involves the loss of amine group of 
AMX which leads to the formation of TP 349. The detection of TP 349 has been reported in the 
literature (Gozlan et al. 2013, Kanakaraju et al. 2015), and showed the highest peak intensity in 
both UV/g-C3N4 and UV/FeGF2 processes. The loss of C=O from four-membered β-lactam ring 
of TP 349 produces TP 321 which is detected in both processes with lower peak intensities 
compared to TP 349. However, the hydroxylation product of TP 349 which led to the formation 
of TP 383 was only detected in the UV/g-C3N4 process. Moreover, as seen in Fig. 4.56 the 
detection of [m/z=155.015] fragment suggests that OH⦁ radical most likely attached to both 
benzoic ring and nitrogen moiety rather than to benzoic ring alone. The opening of the four-
membered β-lactam ring of the AMX is another possible degradation pathway which was also 
reported before (Trovo et al. 2011). This degradation pathway yielded the formation of AMX 
penicilloic acid (TP 384) (Kanakaraju et al. 2015). The hydroxylation of AMX penicilloic acid 
produces the TP 400 which can further be transformed by losing amine and CO2 groups, 
resulting in the formation of TP 323. The loss of amine group and the removal of β-lactam ring 
are two probable means of producing by-products from AMX penicilloic acid with the 
subsequent production of TP 367 and AMX penilloic acid (TP 340), respectively, in accordance 
with the observations of Pe´rez-Parada et al. (2011). The intermediate compounds formed by the 
opening of the four-membered β-lactam ring of AMX were detected at higher peak intensities in 
both processes compared to TPs with β-lactam ring. Amoxicillin sodium (TP 388) was also 
detected with very low peak intensities only in the UV/FeGF2 process, and its peak intensity was 
reduced during the reaction course. As shown in Fig. 4.57(a-b) the peak intensity of most 
transformation products increased up to 30 minutes in the UV/g-C3N4 process and then 
decreased with the progress of the process. The long chain products possibly broke into short 
chain compounds such as TP 208, TP 160 and TP 114. As seen in Fig. 4.57(c-d) the intensity of 
intermediates during the UV/FeGF2 process was considerably lower than those in the UV/g-
127 
 
C3N4 process. Moreover, the reduction in peak intensity was shown after 10 min for most 
compounds. The TP 139 with low peak intensity was also detected during the UV/FeGF2 
process. Further oxidation of intermediates led to the mineralization of compounds in the 
solution and the generation of ions such as nitrate and nitrite.  
 
Figure 4.54. Schematic diagram of the proposed photocatalytic degradation mechanisms of AMX under UV light. 
The transformation products (TPs) marked with (*) were detected during UV/g-C3N4 process and TPs marked with 





























Figure 4.57. Evolution of transformation products (TP) with low (a) and high (b) peak intensities during the UV/g-
C3N4 process; and with low (c) and high (d) peak intensities during the UV/FeGF2 process. 
 
4.5.2.5. Mineralization 
The removal of TOC and the formation of nitrate and nitrite as indicators of mineralization 
were evaluated. As shown in Fig. 4.58(a), all examined processes showed some extent of AMX 
mineralization. However, the UV/FeGF2 process with almost 60% TOC removal after 2 h 
showed the highest efficiency for the mineralization of AMX, followed by the UV/g-C3N4 and 
Vis/FeGF2 processes with 42% and 16%, respectively. Fig. 4.58(a) shows that the mineralization 
rate was relatively high during the first 30 min of the photocatalytic process and then decreased 
as the process proceeded. The intermediate compounds formed during the examined processes 
may be more resistant to further degradation, as observed before during the photocatalytic 
degradation of AMX by the UV/TiO2 process (Kanakaraju et al. 2015). The presence of sulfur in 
most detected TPs indicate that nitrogen and amine moiety are more susceptible to radical attack 





nitrate and nitrite were monitored as indicators of mineralization. As seen in Fig. Fig. 4.58(b) 
during the UV/g-C3N4 and UV/FeGF2 processes, the concentration of nitrate and nitrite 
increased as the process progressed. However, the concentration of nitrate produced by the 
UV/FeGF2 process was considerably higher than that formed by the UV/g-C3N4 process. The 
concentrations of nitrate and nitrite during the Vis/FeGF2 process were consistently lower than 
the detection limit of employed measurement techniques. 
 
 
Figure 4.58. (a) TOC removal during UV/g-C3N4 and UV/FeGF2 and Vis/FeGF2 processes; evolution of 
nitrate and nitrite UV/g-C3N4 and UV/FeGF2 processes. 
 
4.5.2.6. Toxicity assessment 
As shown in Fig. 4.59(a) total mineralization was not achieved during the photocatalytic 
experiments even after 2 h. Therefore, toxicity assays using E. coli bacteria were conducted to 
evaluate the antibiotic activity prior and after the treatment operations. As seen in Fig. 4.59(a) 
the AMX solution before treatment significantly inhibited the growth of E.coli on the surface of 
agar, while bacterial growth was clearly observed after the onset of photocatalytic processes. 
Since no inhibition was detected in the control plate, the observed changes in bacterial growth 
were attributed to AMX degradation. As shown by the UV/G petri dishes in Fig. 4.59(a), the bare 
g-C3N4 was relatively effective for the detoxification of solution under UV light after 1 and 2 h 
of treatment. However, this process was not able to totally suppress the antibacterial activity of 
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AMX solution. The FeGF2 photocatalyst was also examined for the detoxification of AMX 
solution. The results showed that although the Vis/FeGF2 process was relatively effective, it did 
not produce a complete detoxification of solution. On the other hand, a complete detoxification, 
identified by the reduction of toxicity below the minimum inhibitory level for E. coli, was 




Figure 4.59. Evaluation of changes in the toxicity of AMX solution by using (a), petri dish (b), agar-well diffusion 
and (c) inhibition percentage (Toxtrac™ kit) in UV/g-C3N4, UV/FeGF2 and Vis/FeGF2 processes. 
 
These results were also confirmed by the agar-well diffusion method. As shown in Fig. 
4.59(b), by using FeGF2 in the presence of UV light, the diameter of inhibition zone was 
reduced after 1 h and eventually disappeared after 2 h treatment. However, under visible light, an 
inhibition zone still existed even after 2 h treatment. Fig. 4.59(c) shows the percentage inhibition 
(PI) of solution by the UV/g-C3N4, UV/FeGF2 and Vis/FeGF2 processes at two time intervals. A 
high inhibition percentage of AMX solution towards E. coli growth was shown before the 
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treatment. One hour treatment of solution reduced the inhibition percentage from 92% to 53%, 
34% and 81% by the UV/g-C3N4, UV/FeGF2 and Vis/FeGF2 processes, respectively. The 
increase of treatment time up to 120 min decreased the toxicity of solution in all processes. 
However, only the solutions treated by the UV/FeGF2 process exhibited toxicity levels within 
the non-toxic range, indicating the effectiveness of UV/FeGF2 process in the reduction of 
toxicity. 
4.5.2.7. Stability of photocatalyst 
The magnetic properties of Fe3O4 and FeGF2 samples were investigated at room temperature 
and the results are presented in Fig. 4.60(a). The hysteresis loop in both samples indicates a 
superparamagnetic behavior without any noticeable remanence. Due to the low percentage of 
Fe3O4 in the FeGF2, the saturation magnetization of FeGF2 was lower than bare Fe3O4. 
Nevertheless, the magnetic properties of FeGF2 were high enough to enable its separation from 
the treated solution by magnetic force (Inset of Fig. 4.60(a)). The FeGF2 particles were found to 
be highly stable and could be reused in repeated operational runs without a significant reduction 
in their activity. The high stability of photocatalyst is also confirmed by XPS spectra of fresh and 
spent FeGF2 (Fig. 4.61). As shown in Fig. 4.60(b), no noticeable reduction in AMX removal was 










Figure 4.60. (a) Magnetization curves of Fe3O4 and FeGF2, (b) repeated photocatalytic degradation of AMX by 




Moreover, the concentrations of fluoride and iron ions during the reaction course were 
measured in order to assess possible leaching of fluoride and iron ions from the photocatalysts 
that may reduce the photocatalyst activity. The monitoring of fluoride ion concentration in the 
treated water is also important since concentrations up to 1.5 mg/L fluoride is beneficial, 
especially to children for calcification of dental enamel (Srimurali et al. 1998), while prolonged 
exposure to F- ion at higher concentrations leads to dental and skeletal fluorosis (Mohapatra et al. 
2009). A maximum concentration of 1.5 mg/L of fluoride ion in drinking water has been set as 
the limit by World Health Organization (WHO) (Klauson et al. 2010). As shown in Fig. 4.60(c), 
after 120 min reaction, the concentration of F- was about 0.16 mg/L, which was considerably 
lower than the permitted concentration. The high-resolution XPS spectra of fresh and spent 
FeGF2 for Fe2p (Fig. 4.61(a)) and F1s (4.61(b)) are relatively similar. These results further 
verify the high stability of FeGF2 photocatalyst. 
 
  
Figure 4.61. High-resolution XPS spectra of fresh and spent FeGF2 of (a) Fe2p and (b) F1s 
 
4.5.3. Conclusions and remarks 
A novel fluorinated graphite carbon nitride photocatalyst with magnetic properties was 
synthesized by a facile hydrothermal method and used for degradation of amoxicillin (AMX) in 
water. Compared to the bulk g-C3N4, magnetic fluorinated Fe3O4/g-C3N4 (FeGF) with a high 
specific surface area (243 m2.g-1) and easy separation from aqueous solution by magnet, led to 
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improved photocatalytic activity in terms of AMX removal and mineralization as well as 
detoxification of the solution. The results showed that in comparison with a 500 W visible lamp, 
using a UV lamp (10 W) was considerably more effective for AMX removal, its mineralization 
and detoxification of the solution. Based on the measurement of accurate masses of the 
transformation products and their main fragments, a degradation pathway for AMX was 
proposed. The peak intensities of most transformation products (TPs) generated by using the 
modified photocatalyst under UV light (UV/FeGF2) process were significantly lower than those 
generated by using the pristine g-C3N4, suggesting that UV/FeGF2 process produced a higher 
extent of mineralization and a lower accumulation of transformation by-products. Based on the 
use of inexpensive precursor and modifier, simple preparation, good photocatalytic activity and 
low energy consumption, the proposed method can guide the development of low-cost and high-






















5. Conclusions and Recommendations 
Despite the conduct of numerous studies on photocatalytic degradation of contaminants 
during the last twenty years, this technology has scarcely demonstrated the capability to survive 
outside laboratories. The main limitations of photocatalysis are high energy consumption, 
separation and recovery of photocatalyst from solution and stability of photocatalysts. Therefore, 
the main objective of this research was defined as the development of “novel photocatalysts for 
effective removal of antibiotics from water with low energy consumption”. This objective was 
accomplished in different steps as follows: 
1) In order to maximize the UV light utilization, a cylindrical stainless steel photoreactor 
was designed and built with a low energy consuming UV lamp (10W). 
2) The effect of post synthesis surface fluorination was evaluated by the addition of NH4F as 
a source of fluoride ion into the solution for the removal of SMX. The results showed that 
surface fluorination increased the efficiency of removal in terms of SMX removal, 
mineralization and detoxification of solution and increasing the rate of removal reaction. 
3) Effects of operating parameters including catalyst concentration in the solution, pH of 
solution and airflow rate were examined. Results showed that the operating parameters 
considerably affect the efficiency of removal.  
4) Response surface methodology based on central composite design was employed to 
optimize the operating parameters in order to maximize SMX removal. 
5) In situ fluorination of ZnO was accomplished by synthesizing Zn(OH)F, and the AMP 
removal was examined by using Zn(OH)F under ultrasound irradiation. At the end of 
process (90 min) the concentration of fluoride ions which were leached from structure 
was lower than the allowed value for drinking water. 
6) Fe3O4-ZnO@g-C3N4 was synthesized in order to enhance the stability of ZnO and facile 
separation of photocatalyst from solution after treatment by magnetic force.  
7) Mesoporous fluorinated Fe3O4@g-C3N4 was synthesized as UV/Visible-driven 
photocatalyst for the removal of AMX, and its performance was compared under visible 
and UV light.  
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8) All synthesized photocatalysts were characterized by using various characterization tests 
including: XRD, FTIR, SEM, TEM, EDS, XPS, BET, PL spectra, VSM and zeta 
potential analyzer.  
9) The stability of photocatalysts was evaluated in consecutive runs. No significant 
reduction in the performance of Zn(OH)F, Fe3O4-ZnO@g-C3N4 and Fe3O4@g-C3N4 was 
shown after four runs. 
10)  The photocatalytic performance was determined in terms of antibiotic removal, 
mineralization, detoxification of the solution, and by-products formation. 
5.1. Conclusions, remarks and contribution of research 
In this study the removal efficiencies of three emerging contaminants, namely, sulfamethoxazole, 
ampicillin and amoxicillin were evaluated in terms of contaminant removal and mineralization, 
detoxification of the solution and by-product formation. In this study, we showed that the energy 
consumption of photocatalysis process can be considerably reduced by using immersed lamp 
with short emitting wavelength (λmax=254 nm) to compensate for the low UV light intensity of 
low-energy-consuming lamps. As shown in Table 4.5, UVA (λmax=365 nm) is the most widely 
used lamp in photocatalysis processes. This is due to the lower price of medium pressure (UVA) 
lamps compared to low pressure (UVC) UV lamps. However, considering the lower energy 
consumption of UVC lamp, increasing the removal efficiency of emerging contaminants by 
photolysis (beside photocatalysis) and ability of UVC for disinfection, the overall operating cost 
of process by using UVC would be much lower than using UVA. However, a comprehensive 
study is needed to evaluate the feasibility and cost evaluation of photocatalysis process.  
The conclusive outcomes of the research can be summarized as follow:  
1) Reduction of energy consumption 
Based on equation (3.10), the energy consumption during AOPs depends on the rate of 
degradation reaction. Comparison of the energy consumption in this study with previously-
reported studies which had considered photocatalytic degradation of SMX under UV irradiation, 
showed considerably lower electrical energy per order (EEO) as compared in Table 4.5. The 
main reason for low energy consumption in this study is the high rate of removal reaction as a 
result of the following: 
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i) Using a cylindrical narrow photoreactor which led to utilizing all emitted radiation 
and increasing the quantum yield. 
ii) Enhancing the removal efficiency and removal rate by slowing down the 
recombination rate of charge carriers by surface modification.  
iii) Utilizing low energy consuming UV lamp with low wavelength (UVC) to increase 
the removal rate by photolysis besides the photocatalysis process. 
iv) Optimizing the operating parameters including catalyst dosage, pH of solution and 
airflow rate to maximize the removal rate of contaminants.  
Although, energy consumption in this study is substantially reduced, the consumed energy is 
almost equal to the energy consumed in the UV/H2O2 process. Due to its catalytic nature, 
photocatalysis is usually labeled as an “energy-saving” process. This statement would be reliable 
if the problems associated with the recovery of catalyst are solved and photocatalysts can be 
recovered and reused for several runs. In this case, the long-term process cost for photocatalysis 
would be much less than the other AOPs, such as UV/H2O2 or UV/O3, where the oxidation agents 
are consumed during the process. Synthesizing magnetic photocatalysts with high stability is the 
second conclusive achievement of this research. 
2) Developing magnetic photocatalysts with high stability 
As mentioned earlier, the photocorrosion is a crucial obstacle to the potential large-scale 
application of photocatalysis process. In practical applications, photocatalysts that can sustain 
several cycles of use, along with properties that enable low-cost recovery from effluent streams 
is needed. 
The photocatalytic activity and stability can be improved by using composite photocatalysts, 
owing to the heterojunction mechanism. However, the poor attachment of photocatalysts restricts 
the charge transfer between interfaces. In this study, we synthesized graphitic carbon nitride (g-
C3N4) by in situ condensation of urea on the surface of ZnO. By using this method, a uniform 
layer of g-C3N4 was obtained and acted as the protective layer and reduced the photocorrosion of 
ZnO. Moreover, the use of g-C3N4 as the protective layer of ZnO in this study not only protects 
the surface of photocatalyst against self-oxidation but it also improves the efficiency of SMX 
removal as a conjugated semiconductor by generating more electron and hole pairs, facilitating 
the charge separation and increasing the specific surface area. Moreover, Fe3O4 as magnetic core 
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facilitated the separation of particles from solution after the process and also acted as a conductor 
of electrons to dissolved oxygen. Consequently, the developed photocatalyst (Fe3O4-ZnO@g-
C3N4) showed a high durability and comparable performance for the removal of SMX as shown 
in Table 4.15. The obtained results in this study presented a new approach to the development of 
modified photocatalysts, which can expand practical applications of photocatalytic processes for 
water and wastewater treatment. 
5.2. Recommendations for future work 
Based on the findings of this research, the following recommendations are made to further 
improve the efficiency of photocatalysis process: 
 In photocatalysis, nanoparticles with complex structures have emerged. However, 
considering the issue of catalyst separation from solution, larger and more robust 
materials are needed. In recent years, many types of photocatalysts have been developed 
that perform well at laboratory scale, but their production at large-scale and their 
durability in long-term applications have not been established yet. The development of 
larger photocatalysts (macroporous) with high stability and the ability for low-cost 
recovery from effluent streams is strongly recommended, even though these particles 
may produce lower concentrations of hydroxyl radicals. 
 Hierarchical photocatalysts possess macro scale dimension (for easy separation) and 
mesoporous structure for increasing the specific surface area, light harvesting and 
photocatalytic activity. Therefore, the synergetic effects of different dimensional levels 
often lead to significant improvement of the performance of hierarchical photocatalysts. 
 Over the past decades, a large volume of research has been devoted to the optimization 
of operating parameters and materials development. However, less attention has been 
paid to the process engineering and design of photoreactors, which are indeed critically 
important for the overall AOPs performance. Quantum yield, mass transfer coefficient, 
residence time, light distribution profile and energy consumption depend on the reactor 
design.  
 Investigating the removal of emerging contaminants in real water bodies such as river 
and lake water as well as the effluent of water treatment plants is important. In the real 
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water matrix, not only the concentration of emerging contaminants is extremely low and 
their measurement is difficult, the presence of a mixture of emerging contaminants 
would complicate the removal process.  
 Since advanced oxidation processes for complete mineralization of contaminants are 
usually expensive and require high amounts of energy and/or chemicals, their 
combination with a biological treatment (as a pre-treatment or post-treatment stage) is a 
promising approach to reducing operating costs.  
 Comparing the efficiency of photocatalysis process with other more frequently applied 
technologies such as Fenton, O3, O3/UV, and H2O2/UV process in terms of contaminant 
removal and mineralization, by-products formation, energy consumption and especially  
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Fig. S1. Extracted ion chromatograms (XICs) of: (A) Sulfamethoxazole, (B) DP236, (C) DP194, 
(D) DP156, (E) DP99, (F) DP190, (G) DP108, (H) DP160, (I) DP188, (J) DP147, (K) DP300 
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